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I  INTRODUCTION 


Molecular  ions  are  prevalent  in  a  wide  range  of  gaseous  media,  including 
the  earth's  and  other  planetary  atmospheres  and  ionospheres.  Interstellar 
space,  gas  discharges  and  lasers,  MHD  power  generators,  rocket  exhaust  plumes, 
and  ballistic  missile  reentry  wakes.  A  detailed  knowledge  of  their  structure 
and  reactions  is  required  in  the  development  of  both  diagnostic  techniques  and 
theoretical  models  of  the  media. 

The  goal  of  the  research  on  Contract  F49620-81-K-0006  was  to  apply  the 
unique  technique  of  photofragment  spectroscopy  to  determine  the  structure  and 
dissociation  dynamics  of  small  molecular  ions.  Our  Implementation  of  photo¬ 
fragment  spectroscopy  under  this  contract  simultaneously  employed  sub-Doppler 
optical  resolution  and  high  dissociation  fragment  kinetic  energy  resolution. 
The  technique  is  demonstrated  to  yield  the  identification,  potential  energy 
curves,  and  molecular  constants  of  ion  electronic  states,  precise  bond 
dissociation  energies  and  ionization  potentials,  excited  state  lifetimes,  and 
product  branching  ratios.  In  particular,  this  research  provides  detailed 
information  on  the  interactions  among  molecular  electronic  states  and  the 
partitioning  of  Internal  and  translational  energy  in  the  dissociation  process. 

This  research  was  begun  on  IS  November  1980.  Over  the  course  of  this 
research,  we  have  applied  the  technique  of  photofragment  spectroscopy  to  the 
ions  02+,  N0+,  N2++,  S0+,  0H+,  SH+,  and  CHjI+.  Our  work  on  each  of  these 
species  has  provided  new  insights  into  the  process  of  molecular  dissociation 
dynamics  and  the  Inverse  process  of  ion-atom  collisions.  One  of  the  more  not¬ 
able  achievements  of  this  research  was  to  observe  for  the  first  time  a  marked 
selectivity  among  atomic  fine-structure  states  in  a  molecular  dissociation, 
which  haa  stimulated  the  Introduction  of  new  theoretical  models  to  describe 
this  process.  The  research  has  also  provided  the  first  experimental  observa¬ 
tion  of  a  strong  rotational  dependence  in  the  angular  distribution  of  disso¬ 
ciation  fragments,  verifying  a  theoretical  model  introduced  two  decades 
earlier.  In  addition,  it  provided  the  first  definitive  evidence  for  the 
existence  of  a  stable  doubly-charged  diatomic  ion  that  had  been  postulated 
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nearly  chree  decades  ago,  as  well  as  spectroscopic  identification  of 
long-lived  excited  electronic  states  in  ions  produced  by  electron-impact 
ionization.  Our  work  has  further  found  that  assumptions  regarding  the 
randomization  of  internal  energy  should  not  be  routinely  applied  to  all 
polyatomic  ions. 

A  brief  discription  of  the  experimental  technique  used  in  this  research 
is  given  in  the  next  section.  This  is  followed  by  a  summary  of  the  research 
results  for  Individual  ionic  species. 
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II  EXPERIMENTAL  APPROACH 


The  high  reactivity  of  molecular  ions  and  the  very  low  densities  with 
which  they  can  be  produced  preclude  direct  application  of  the  traditional 
spectroscopic  techniques  developed  for  neutral  species  to  the  study  of 
molecular  ion  excited  states.  Consequently,  current  information  on  the 
structure  and  Internal  energy  states  of  molecular  ions  is  extremely  limited 
and,  before  the  inception  of  our  research,  the  dynamic  evolution  of  these 
states  could  only  be  Indirectly  Inferred.  We  have  found  that  photodissoci- 
ation  can  be  used  as  a  particularly  sensitive  probe  to  obtain  detailed 
information  on  molecular  ion  energy  levels.  This  information  is  analogous  to, 
and  indeed  surpasses,  that  obtained  for  neutral  molecules  using  absorption 
spectroscopy. 

In  our  technique,  a  laser  is  used  to  pump  the  molecular  ion  from  specific 
vibrational,  rotational,  and  fine-structure  levels  in  a  bound  electronic  state 
to  levels  in  an  excited  state  of  the  ion  that  lie  in  energy  above  its  dissoci¬ 
ation  limit.  If  these  levels  are  predissociated  (as  is  generally  the  case), 
the  absorption  of  photons  can  be  detected  with  high  efficiency  by  the 
appearance  of  a  fragment  ion.  Moreover,  the  kinetic  energy  and  angular 
distribution  of  the  fragment  ion  are  directly  measured.  This  technique  is 
termed  photofragment  spectroscopy. 

To  Implement  this  technique,  we  constructed  (under  our  previous  AFOSR 
contract)  an  unique  laser-ion  coaxial  beams  photofragment  spectrometer , *  shown 
schematically  in  Figure  1.  The  ions  are  produced  in  an  electron  impact  ion 
source,  extracted  to  form  a  beam,  and  accelerated  under  collision-free 
conditions  to  several  thousand  electron  volts  of  energy.  The  desired  mass 
species  is  selected  by  a  magnetic  sector,  collimated  to  2  mrad  angular 
divergence,  and  bent  by  90  degrees  into  the  photon  Interaction  region  by  a 
two-dimensional  electrostatic  quadrupole  field.  In  this  region  the  ions  are 
intersected  by  a  coaxial  laser  beam.  Fragment  ions  produced  in  this  region 
are  directed  by  a  second  quadrupole  field  either  into  a  high  resolution 


FIGURE  1  SRI  LASER-ION  COAXIAL  BEAMS  PHOTOFRAGMENT 
SPECTROMETER 


hemispherical  electrostatic  energy  analyzer  and  detected  by  electron  multip¬ 
lier  Ml,  or  directly  into  electron  multiplier  M2. 

There  are  two  basic  methods  for  observing  the  photodissociation  process 
with  this  apparatus,  depending  on  whether  the  frequency  of  the  irradiating 
laser  is  fixed  or  scanned.  In  the  first  method,  the  ion  beam  is  irradiated 
with  a  fixed  laser  wavelength  and  the  transmission  maxima  of  both  the  second 
quadrupole  and  the  electrostatic  energy  analyzer  are  scanned.  The  resulting 
kinetic  energy  spectrum  of  the  photofragment  ions  identifies  the  locations  of 
both  the  absorbing  and  dissociating  ion  states  relative  to  the  molecules' 
dissociation  limit  (rather  than  only  relative  to  each  other  as  in  purely 
optical  techniques),  the  mass  of  the  fragment  ions,  the  angular  distribution 
of  the  fragment  ions,  and  the  internal  energy  states  of  the  fragment  ions. 

In  the  second  approach,  the  wavelength  of  the  laser  is  scanned  and  the 
current  of  photofragments  produced  at  each  increment  of  laser  wavelength  is 
detected  by  either  a  fixed  setting  of  the  energy  analyzer  or  by  the  multiplier 
M2.  Using  the  energy  analyzer  as  the  detector,  one  observes  only  photo¬ 
fragments  produced  with  a  given  energy  relative  to  the  dissociation  limit. 

This  yields  the  absorption  spectrum  of  the  ion  for  transitions  that  terminate 
only  in  the  selected  range  of  predissociating  levels  in  the  upper  electronic 
state,  but  requires  many  wavelength  scans  with  different  energy  analyzer 
settings  to  detect  all  of  the  dissociating  levels  in  the  upper  electronic 
state.  On  the  other  hand,  by  directing  the  fragments  produced  in  the  photon 
Interaction  region  onto  multiplier  M2,  we  can  reduce  the  energy  selectivity  of 
the  apparatus  by  several  orders  of  magnitude,  allowing  a  wide  range  of  upper 
state  levels  to  be  observed  in  single  wavelength  scans. 

As  mentioned  above,  the  laser  is  directed  coaxial  to  the  molecular  ion 
beam.  This  has  the  advantage  of  providing  a  large  region  of  overlap  between 
the  beams,  thus  increasing  the  sensitivity  of  the  apparatus  for  detecting  the 
production  of  photofragments.  More  importantly,  the  coaxial  geometry  allows 
us  to  take  advantage  of  the  Doppler  effect  both  to  vary  the  frequency  of 
line-tunable  lasers  and  to  use  velocity  compression  of  the  absorption  line- 
widths.  The  frequency  of  the  irradiating  laser  Vq,  when  observed  by  the 
molecular  ion  beam,  is  Doppler-shifted  to  a  new  value 

v±  «  Vq(I±v/c)/[1-(v/c)^J where  +  refers  to  photons  counterpropagatlng 
with  the  ion  beam  direction,  -  refers  to  copropagating  photons,  and  v  Is  the 


velocity  of  the  Ion  beam.  Thus,  by  applying  a  variable  voltage  to  the  photon 
interaction  region,  the  velocity  of  the  ion  beam  Is  scanned,  thereby  scanning 
the  effective  frequency  of  a  fixed-frequency  laser.  This  is  generally  applied 
to  ion  lasers,  but  can  also  be  used  with  advantage  on  tunable  dye  lasers 
because  the  resulting  scan  is  far  more  linear  than  can  be  achieved  by  the 
laser  itself. 

The  second  advantage  of  the  coaxial  geometry  is  that  it  leads  to  very 
small  Doppler-width  contributions  to  the  absorption  lineshapes.  Although  the 
kinetic  energy  spread  of  the  ions  produced  in  the  source  is  large  (~  1  eV) 
compared  with  that  of  a  room  temperature  gas,  the  magnitude  of  this  energy 
spread  (in  the  laboratory  system)  remains  unchanged  as  the  beam  is  accelerated 
to  several  thousand  electron  volts.  This  results  in  the  well-known  kinematic 
compression  in  the  ion  beam  velocity  spread  and  permits  Doppler  widths  equiva¬ 
lent  to  those  of  a  gas  at  a  temperature  of  1  K  or  less  for  absorptions  in  the 
coaxial  laser  ion  beam  configuration.  The  predissociation  lifetimes  of 
discrete  vibrational,  rotational,  and  fine-structure  levels  can  thus  be 
measured  directly  from  the  broadened  absorption  linewldths  of  transitions  into 
the  predlssoclated  level. 


Ill  RESEARCH  ACCOMPLISHMENTS 


Research  under  chis  contract  has  entailed  study  of  the  photodissociative 
processes  in  N2++,  N0+,  0H+,  S0+f  02+,  SH+,  and  CH3l+.  The  results  for  each 
of  these  species  are  summarized  below. 

A.  N2+f 

The  doubly  charged  ions  of  N2,  O2 ,  and  NO  are  known  to  occur  in  ionized 
atmospheric  gases,  but  because  of  their  very  high  reactivity,  only  limited 
experimental  knowledge  of  their  structure  and  properties  exists.  Theory 
predicts  that  the  large  Coulomblc  repulsion  between  their  single-charged 
constituent  atoms  is  overcome  by  chemical  bonding  forces  only  at  short  Inter- 
nuclear  distances.  Consequently,  even  the  ground  electronic  states  of  these 
species  are  metastable  with  respect  to  dissociation  into  two  single-charged 
atoms.  However,  several  of  the  electronic  states  in  these  species  are  pre¬ 
dicted  to  exhibit  energetic  barriers  with  respect  to  dissociation.  These 
barriers  can  be  wide  enough  that  the  predissociation  lifetimes  of  the  lower 
vibrational  levels  may  be  nearly  infinite  in  the  absence  of  external  perturba¬ 
tion.  Nevertheless,  these  species  had  been  uniquely  identified  only  in  mass 
spectrometers,  where  they  were  observed  to  spontaneously  dissociate.  Before 

our  research,  there  existed  only  one  tentative  optical  measurement  of  a  doubly 

2 

charged  diatomic  ion:  Carroll  in  1958  observed  a  single  vibrational  band 
within  the  vuv  emission  spectrum  of  a  ^-He  discharge  that  he  suggested  might 
be  the  D*Eu+(v-0)  X*Zg+(v»0)  transition  in  N2"H",  primarily  because  the 

rotational  constants  in  this  band  did  not  agree  with  the  known  electronic 
states  in  either  N2  or  N2*. 

XX  X  J. 

We  observe  N2  to  photodissociate  into  N  +  N  in  a  series  of  structured 
bands  over  the  wavelength  region  of  6700  -  5100  A.  Rotational  analysis  of 
five  of  these  bands  identifies  the  absorption  as  1*IIU  «■  X*Zg+(v«0,l,2). 

Figure  2  shows  the  potential  energy  curves  for  these  states.  Three  vibra¬ 
tional  levels  of  the  1*IIU  state  are  observed  to  predissociate.  The  upper  two 
levels  predissociate  by  tunneling  through  the  Coulomblc  barrier,  whereas  the 
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FIGURE  2  POTENTIAL  ENERGY  CURVES  OF  N** 

Lower  solid  curve  is  the  RKR  potential  of  the  X1 1*  state 
derived  in  this  work.  Upper  solid  and  short-dashed  curves 
are  the  RKR  potentials  of  the  I1  riu  state  obtained  assuming 
the  vibrational  numbering  of  the  observed  levels  was  1,2,3 
and  6,7,8,  respectively.  The  long-dashed  curves  are  those 
calculated  by  theory.  The  dotted  curve  is  a  theoretical 
estimate  for  the  location  of  the  predissociating  state. 
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lowest  level  is  predissociated  by  spin-orbit  coupling  to  the  1  £u  state.  The 
molecular  constants  for  the  ground  state  confirm  the  tentative  identification 
of  Carroll's  emission  band.  Potential  energy  curves  are  constructed  for  the 

X*E_+  and  1*11  states  and  are  used  to  resolve  the  conflicting  results  from 

8  U  ++ 
three  independent  theoretical  calculations  of  the  N£  electronic  states. 

Kinetic  energy  analysis  of  the  N+  photofragments  also  allowed  us  to  establish 

the  first  definitive  value  for  the  appearance  potential  of  N£  .  A  complete 

discription  of  this  work  has  been  published  in  The  Physical  Review  and  is 

attached  as  Appendix  A  to  this  report. 

In  addition  to  the  work  discussed  above,  we  observe  a  structured  band  in 
the  photofragment  spectrum  of  N2++  near  6600  A  that  is  not  related  to  the  1*I1U 
«-  transition  (see  Fig.  1  of  Appendix  A).  It  is  likely  that  this  band 

accesses  the  lowest  triplet  manifold  of  ,  which  would  warrant  further 
study  of  this  ion  at  longer  wavelengths.  Moreover,  the  technique  of  photo- 
fragment  spectroscopy,  which  is  so  successfully  applied  here  to  ^  ,  is 

directly  applicable  to  the  other  atmospheric  doubly  charged  ions  NO  and 
O2  ,  for  which  absolutely  no  spectroscopic  information  is  yet  available. 

B.  N0+ 

We  observe  the  N0+  ion  to  selectively  photodissociate  into  0+  and  N+ 
fragments  in  several  extensive  series  of  electronic  absorptions  over  the  wave¬ 
length  region  of  6950  -  5200  A.  These  transitions  are  summarized  in  Figure  3, 
which  shows  the  measured  locations  of  the  vibrational  levels  in  the  upper  and 
lower  electronic  states  involved  in  the  transitions  relative  to  the  energy  of 
NO(X2n,v«0). 

In  the  band  system  labelled  I  in  Figure  3,  three  vibrational  levels  of 

3  —  3 

the  b'  Z  state  are  found  to  access  20  vibrational  levels  of  the  2  II  state, 

which  predissociate  to  0+(^S)  +  N(^S)  products.  A  complete  discription  of  our 

work  on  this  band  system  has  been  published  in  The  Journal  of  Chemical  Physics 

and  is  Included  as  Appendix  B  to  this  report.  In  band  systems  labelled  II  and 

III  in  Figure  3,  electronic  transitions  are  observed  from  10  vibrational 
3 

levels  of  the  w  A  state  into  four  vibrational  levels  of  a  higher  state,  which 

predissociate  into  0+(^S)  +  N(^S)  and  two  vibrational  levels,  which 

4*  3  3 

predissociate  into  N  (  P)  +  0(  P).  The  upper  electronic  state  in  both  of 
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FIGURE  3  OBSERVED  NO"  ENERGY  LEVELS 

Transitions  which  result  in  predissociation  of  NO*  are  shown  by  the  vertical  lines. 

The  horizontal  lines  connected  by  these  transitions  are  the  measured  locations 

of  the  lower  electronic  state  vibrational  levels  populated  in  the  ion  beam  and  the 

predissociated  vibrational  levels  in  the  upper  electronic  states.  The  energy  scale 

is  relative  to  NO(X2n,  v  ■  0).  Expected  locations  for  the  levels  in  the  b’  3S”, 

3  1 

w  A,  and  w  A  states  are  shown  by  the  dashed  horizontal  lines  labelled 
by  vibrational  quantum  numbers. 
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these  systems  is  believed  to  be  the  2 '^TI  state,  which  is  responsible  for  the 
homogeneous  perturbation  of  the  2^11  state  observed  in  band  system  I. 

A  fourth  band  system,  labelled  IV  in  Figure  3,  accesses  a  single  level 
predissociating  to  N+  +  0  from  four  vibrational  levels  of  the  W*A  state.  The 
predissociated  state  in  this  system  is  likely  the  2^11  state.  In  addition,  one 
set  of  transitions  into  several  predissociated  rotational  levels  lying  near 
the  0+  +  N  dissociation  limit  is  observed.  The  lower  state  in  these  transi¬ 
tions,  labelled  V  in  Figure  3,  corresponds  in  energy  to  v  -  0  of  the  W*A 
state;  the  upper  state  is  likely  the  A*II(v«ll)  in  high  (J~20)  rotational 
levels,  although  reliable  assignment  of  either  state  is  impossible  on  the 
basis  of  system  V  alone.  The  details  of  our  work  on  band  systems  II  -  V  will 
be  reported  in  a  forthcoming  publication. 

Our  study  of  the  photofragment  spectroscopy  of  NO*  has  yielded  the  first 
observation  of  three  electronic  states  in  the  important  region  of  this  ion's 
lowest  dissociation  limits.  The  results  should  have  significance  in  explain¬ 
ing  the  relative  abundance  of  N*  and  0*  in  the  ionosphere.  In  addition,  the 

locations  of  the  lower  state  levels  observed  in  this  work  permit  substantial 

3—3  1 

improvement  to  the  existing  vibrational  constants  of  the  b'  Z  ,  w  A,  and  W  A 
states,  which  had  hitherto  only  been  observed  by  photoelectron  spectroscopy. 
Finally,  one  of  the  most  remarkable  features  of  our  work  on  NO*  has  been  the 
detection  of  significant  populations  existing  in  the  b',  w,  and  W  states  more 
than  10  ps  after  this  ion's  formation  by  electron  Impact  on  NO  gas.  Clearly, 
the  existence  of  numerous  metastable  electronic  states  in  this  species  must  be 
considered  in  any  attempt  to  understand  the  reactions  of  nascent  NO* . 

C.  OH* 

The  charge-transfer  reaction  H+  +  0  +  0+  +  H  is  the  first  step  in  the 
interstellar  chemical  cycle  leading  to  the  formation  of  OH.  The  reverse 
reaction  represents  the  major  ionization  source  for  atomic  hydrogen  in  the 
earth's  ionosphere.  The  high  rate  at  which  this  reaction  proceeds  in  either 
direction  derives  in  part  from  the  accidental  coincidence  between  the 
dissociation  limits  O(^P^)  +  H*  and  0*(^S)  +  H(^S),  which  are  degenerate 
within  the  current  knowledge  of  the  ionization  potentials  of  atomic  oxygen  and 
hydrogen.  The  effect  of  this  degeneracy  on  the  long-range  behavior  of  the 
lower  electronic  states  of  OH*  is  shown  in  Figure  4a.  The  importance  of  the 


charge-exchange  reaction  has  triggered  a  number  of  theoretical  investigations, 
the  most  fundamental  being  the  close-coupling  calculations  of  Chambaud  et  al., 
who  explicitly  included  the  fine-structure  excitation  in  the  charge-exchange 
channel.  These  authors  showed  that  the  charge-transfer  event  arises  from 
dynamic  coupling  among  the  0H+  molecular  states  at  large  internuclear 
separations  (4  -  6  A),  with  enhancement  in  the  cross  section  at  specific 
energies  corresponding  to  shape  resonances  in  the  A%  state. 

Our  work  on  this  ion  has  allowed  the  first  experimental  study  of  two  such 
resonances,  which  in  a  molecular  picture  may  be  viewed  as  quasibound  levels  of 

the  adiabatic  fine-structure  states  of  A^TI  shown  in  Figure  4a.  These  levels 

3  m  -f 

were  excited  from  the  X  Z  ground  state  in  a  mass-selected  OH  beam  with  a  cw 

UV  laser.  The  observed  transitions  are  shown  by  the  vertical  lines  labelled  I 
and  II  in  Figure  4b.  The  dissociative  decay  of  the  A  state  resonances  into 
O'  +  H  was  monitored  by  observation  of  the  charged  photofragments  and  measure¬ 
ment  of  their  kinetic  energy  distribution.  Analysis  of  the  excitation 
spectrum,  the  photofragment  separation  energies  and  the  excitation  llnewldths 
of  the  resonances  allowed  the  assignment  of  quantum  numbers  to  the  resonances 
and  a  first  direct  measurement  of  the  On  dissociation  energy.  The  details  of 
this  work  have  been  reported  in  a  paper  that  has  been  accepted  for  publication 
in  The  Physical  Review.  This  paper  is  attached  as  Appendix  C  to  this  report. 

Our  observation  of  predissociated  quasibound  levels  in  the  A%  state  now 

opens  the  possibility  for  an  experimental  study  of  the  long-range  interactions 

in  0H+ .  The  observed  fragmentation  into  the  0+  channel  is  direct  evidence  for 

Che  action  of  nonadlabatic  couplings  between  the  %  and  the  states, 

which  correlate  to  the  0+(^S)  +  H(^S)  limit.  A  first  search  for  photo- 

4.  3 

fragments  reaching  the  H  4-  0(  P)  channel  has  been  unsuccessful;  the  low 
sensitivity  of  the  present  apparatus  configuration  did  not  allow  discrimi¬ 
nation  between  a  light  photofragment  nd  a  heavy  diatomic  molecular  ion. 
Modifications  of  the  detection  s^  ->uld  permit  observation  of  these 

photofragments  in  future  work. 

In  addition  to  the  A^n  «-  X^Z~  t  »  ^ons  discussed  above,  we  have  also 
observed  two  transitions  in  the  region  of  3500  A  that  produce  photof ragments 
with  kinetic  energies  20  times  higher  than  those  from  the  A  state.  On  the 
basis  of  the  measured  kinetic  energy  releases  and  the  transition  energies,  we 
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could  tentatively  assign  these  transitions  to  the  c*II(v«0)  «-  a*A(v*0)  band. 


The  c  state  had  never  previously  been  observed,  but  calculations^  place  it  in 


the  region  of  the  upper  state  levels  observed  in  the  photodissociation.  This 

5,,- 


state  is  apparently  predissociated  by  spin-orbit  coupling  to  the  which  is 

calculated  to  pass  through  this  region.  More  definitive  answers  will  require 
investigation  of  the  3500  A  region  with  a  tunable  laser. 


D.  SO^ 


+  -4* 

The  SO  ion,  which  is  isosteric  with  O2  ,  but  lacks  the  g-u  symmetry 


restrictions  on  its  electronic  states,  had  not  been  observed  spectroscopically 
until  recently.  The  photoelectron  spectrum  of  the  SO  radical  has  been  mea¬ 
sured,  but  numerous  features  resulting  from  impurity  species  obscured  the 
origins  of  the  lowest  quartet  state  a^n  and  the  first  excited  doublet  state 


2  4 

A  (I.  Tsujl,  Nishimura,  and  coworkers  have  made  an  extensive  series  of  low 


resolution  observations  on  the  fluorescence  from  a  He/S02  afterglow  and 
identified  the  bands  A^II(v-O-ll)  +  X^n(v-O-lO).  This  established  the  origin 


of  the  A  state  relative  to  that  of  the  X.  Their  work  has  just  been  extended 
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to  longer  wavelengths  and  higher  resolution  by  Cossart,  Lavendy,  and  Robbe,' 
who  reported  the  first  observation  of  emission  from  S0+  quartet  states.  They 
observed  and  rotatlonally  analyzed  the  b^E-(v«0-2)  +•  a^II(v-O)  progression, 
thus  establishing  the  relative  energies  of  the  a  and  b  states.  They  also  give 


the  theoretical  and  experimental  potential  energy  curves  for  the  lower 


electronic  states  of  the  SO  ion. 


We  have  found  that  the  S0+  ion,  produced  from  dissociative  ionization  of 
S°2,  undergoes  photodissociation  into  S+  +  0  over  the  wavelength  range  of 
6900  -  5750  A.  The  photodissociation  occurs  in  a  series  of  structured  bands 
that  are  assigned  to  absorptions  in  the  b^Z~  «-  a^TI  system  of  S0+,  shown  by  the 
vertical  lines  in  Figure  5.  The  predissociations  occur  from  v  -  7-13  of  the  b 
state.  Higher  vibrational  levels  extending  to  >15000  cm-*  above  the  origin  of 
the  b  state  also  appear  to  predissociate.  The  predissociation  lifetime  of 
b^Z~(v«7)  is  found  to  be  in  the  range  5  <  x  <  26  ps,  and  is  likely  due  to 
decay  by  spin-orbit  coupling  with  the  ^Z+  state  arising  from  the 
S+(^S)  +  0(^P)  separated  atom  limit. 
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FIGURE  5  POTENTIAL  ENERGY  CURVES  FOR  THE  LOWER  ELECTRONIC 
STATES  OF  SO* 

The  observed  transitions  are  shown  by  the  vertical  arrows. 


Electronic  absorptions  into  the  b  state  are  observed  from  v  ■  1-12  of  the 
a^II  state.  The  population  distribution  in  the  a  state  is  derived  from  the 
observed  transitions.  The  a  state  is  found  to  be  nearly  uniformly  populated 
in  its  lower  vibrational  levels,  in  marked  contrast  to  the  distribution 
expected  if  the  ion  had  been  formed  by  direct  ionization.  The  short  predisso¬ 
ciation  lifetime  of  the  b  state  prevented  resolution  of  the  complex  rotational 
structure  of  the  b  «■  a  absorptions.  However,  moderate  resolution  (~1  cm-*) 
spectra  of  the  band  envelopes  and  kinetic  energy  releases  measured  for  the 
photofragments  were  combined  with  existing  data  from  photoelectron  spectra  and 
high  resolution  emission  spectra  to  yield  an  absolute  measurement  of  the 
dissociation  energies  for  the  b  and  a  states  and  vibrational  constants  for 
these  states  that  are  valid  over  an  extensive  range  of  their  potentials  were 
also  obtained.  This  work  is  described  in  detail  in  a  paper  that  has  been 
accepted  for  publication  in  The  Journal  of  Chemical  Physics.  This  paper  is 
attached  as  Appendix  0  to  this  report. 

It  is  especially  notable  that  the  vibrational  constants  for  the  a^TI  state 
obtained  from  our  work  differ  greatly  from  those  reported  by  Cossart  et  al., 
who  apparently  misasslgned  the  weak  (v',v“)  -  (2,2)  band  in  their  emission 
spectrum.  When  we  reassigned  this  band  as  the  (1,1),  the  data  from 
Cossart  et  al.,  photoelectron  spectroscopy,  and  photofragment  spectroscopy  are 
accurately  described  by  a  single  set  of  vibrational  constants.  This  demon¬ 
strates  the  unique  advantage  of  photofragment  spectroscopy  to  identify 
unambiguously  the  upper  state  in  a  transition  on  the  basis  of  its  photo¬ 
fragment  kinetic  energy. 


The  0 2+  ion  provides  such  a  rich  photodissociation  spectrum  chat  it  has 
served  over  the  years  as  a  nearly  ideal  prototype  species  for  the  study  of 
photofragment  spectroscopy.  The  reasons  for  this  are  two-fold:  (1)  A  high 
concentration  of  O2*,  formed  by  direct  ionization  of  C>2  gas,  is  produced  in 
the  a^TIu  state.  This  state  is  metastable  and  has  a  potential  energy  well 
shallow  enough  so  that  the  first  dissociation  limit  is  accessible  with  visible 
photons,  thus  allowing  the  use  of  high  power,  cw  tunable  lasers.  (2)  This 
lowest  dissociation  limit,  the  0+(^S)  +  0(^P),  gives  rise  to  twelve  molecular 
states  chat  correlate  to  the  three  atomic  fine-structure  states  of  the  0  atom. 


allowing  Che  study  of  a  wide  range  of  short-  and  long-range  interactions  in 
both  direct  and  predissociative  photodissociation  processes.  Moreover,  many 
of  these  electronic  states  have  high  multiplicities  (quartets  and  sextets)  not 
readily  found  in  the  neutral  molecules  that  constitute  the  great  body  of 
traditional  spectroscopic  research. 

Figure  6  shows  the  current  of  0+  photofragments —  produced  with  kinetic 
energies  in  the  range  of  0  -  20  meV —  that  is  observed  over  the  photon  energy 
range  of  14300  -  17500  cm”*.  The  spectrum  shows  numerous  structured  bands 
superimposed  on  a  continuum  background.  The  background  arises  from  direct 
photodlssodatlon  due  to  transitions  from  various  vibrational  and  rotational 
levels  of  the  a^IIy  state  to  the  repulsive  wall  of  the  f^IIg  state.  Figure  7 
shows  the  potential  energy  curves  of  these  states  and  others  in  the  region  of 
the  lowest  dissociation  limit  of  0^ .  This  direct  dissociation  process  has 
been  studied  by  Tabche-Fouhallle  et  al.^  and  Grieman  et  al. ^  These  studies 
allowed  the  first  experimental  observation  of  the  f  state,  which  had  hitherto 
been  predicted  only  by  theory.  The  series  of  bands  appearing  in  Figure  6  that 
are  labelled  b  «■  a  arise  from  discrete  transitions  from  the  a^IIu(v-4-7)  into 
the  b^£g~(v-4)  level,  which  subsequently  predissociates.  We  characterized 
this  basic  process  under  an  earlier  contract  to  obtain  highly  accurate 

Q 

molecular  constants  for  the  a  and  b  states  and  a  precise  measurement  of  the 

a 

O2  dissociation  energy.  More  recently,  the  study  of  this  system  has  been 
extended  under  other  support  to  higher  vibrational  levels  of  the  b  state, 
allowing  a  unique  determination  of  the  predissociation  mechanism  and  the  first 
experimental  observation  of  the  location  of  the  ^Eg+  state. 

The  photodissociation  process  of  Interest  here  is  manifested  by  the 
series  of  structured  bands  in  Figure  6  labelled  f  «-  a.  We  have  rotationally 
analyzed  these  bands  at  high  resolution  and  established  that  they  arise  from 
transitions  from  a^IIu(v“5-7)  into  the  f^IIg(v«l-3)  levels.  The  f  state  had 
been  predicted  by  a  number  of  theoretical  calculations  to  have  a  barrier  in 
its  potential  energy  curve.  The  presence  of  this  barrier  is  evidenced  by  the 
abrupt  cut-off  in  the  direct  dissociation  process  which  gives  rise  to  the 
humps  in  the  photodissociation  continuum  that  appear  in  Figure  6  to  the  blue 

1  O 

of  the  discrete  bands  labeled  (3,v").  We  have  found  that  this  barrier  is 
sufficiently  high  to  support  two  quasibound  vibrational  levels,  v  ■  2  and  3, 
above  the  0+(^S)  +  0(^2)  dissociation  limit  and  that  these  levels  are 
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FIGURE  6  PHOTON  ENERGY  DEPENDENCE  FOR  THE  PRODUCTION  OF  0*  PHOTOFRAGMENTS 
WITH  KINETIC  ENERGIES  IN  THE  RANGE  0-12  meV  FROM  THE  PHOTODISSOCIATION 
OF  0* 


INTERNUCLEAR  DISTANCE  (A) 
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FIGURE  7  POTENTIAL  ENERGY  CURVES  FOR  THE  ELECTRONIC  STATES  OF  O*  OBSERVED 
8Y  PHOTOFRAGMENT  SPECTROSCOPY 

The  solid  curves  are  the  RKR  potentials  derived  in  this  work.  The  dashed  curves  are 
theoretical  locations  for  those  electronic  states  identified  as  producing  predissociation 
in  Oj.  Experimentally  observed  levels  are  shown  by  the  solid  horizontal  lines. 
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predissociated  by  several  mechanisms,  as  discussed  below.  The  v  ■  1  level 
lies  below  Che  dissociation  limit;  only  its  very  highest  rotational  levels 
appear  in  the  spectrum  shown  in  Figure  6.  The  rotational  lines  in  the  Q  ■  2.5 
and  1.5  subbands  of  v  ■  2  and  3  were  resolved  by  directly  observing  the 
photofragment  spectrum  generated  by  a  single-mode  dye  laser.  Because  of 
extensive  blending  arising  from  their  very  rapid  predissociation,  the  Q  «  0.5 
and  -0.5  subbands  and  all  lines  terminating  in  v  ■  1  could  only  be 
rotationally  resolved  through  the  use  of  an  opt leal -opt leal  double  resonance 
technique. ^  Table  I  gives  the  merged  molecular  constants  for  the  f  state 
derived  from  these  studies. 

The  very  high  optical  resolution  afforded  by  our  technique  allows  the 
inhomogeneous  linewidth  for  absorptions  into  the  predissociated  levels  of  the 
f  state  to  be  accurately  determined,  thereby  establishing  the  predissociation 
mechanisms.  These  linewidths  (T)  are  related  to  the  predissociation  lifetime 
(x)  of  the  pumped  level  by  the  uncertainty  principle  as  r  *  l/2xx.  Figure  8 
shows  the  linewidths  and  lifetimes  measured  for  the  rotational  and 
fine-structure  levels  in  v  -  3  of  the  f  state.  The  measurements  were  made  on 
three  isotopic  combinations  of  0£+ —  16,16;  16,18;  and  18,18 —  where  the 
effect  of  the  heavier  mass  is  to  lower  the  energy  of  the  vibrational  level  in 
the  potential  well.  It  is  seen  that  the  rotational  dependence  of  these 
lifetimes  is  nearly  exponential,  demonstrating  that  v  -  3  predissociates  by 
tunnelling  through  the  barrier  in  its  potential  energy  curve.  We  have  used  an 
extension  of  the  RKR  technique,  combining  the  rovibrational  level  locations 
(Table  I)  and  tunnelling  lifetimes,  to  determine  the  f  state  potential  energy 
curve  shown  in  Figure  7.  The  absorption  linewidths  measured  for  v  •  2  of  the 
f  state  are  shown  in  Figure  9.  In  contrast  with  v  ■  3,  the  lifetimes  in  v  >  2 
are  nearly  independent  of  rotation.  This  level  cannot  predissociate  by 
tunnelling;  it  lies  too  far  in  energy  below  the  top  of  the  barrier.  Rather, 
v  ■  2  must  be  predissociated  by  spin-orbit  coupling  to  the  continuum  of  one  or 
more  other  states  arising  from  the  0+(^S)  +  0(^P)  dissociation  limit. 

The  lifetimes  measured  for  v  ■  2  and  3  in  the  four  substates  of  the  f*nu 
are  summarized  in  Table  II.  Also  shown  in  this  table  are  the  relative 
linewidths  expected  in  these  substates  as  a  result  of  predissociation  by 
spin-orbit  coupling  to  the  other  gerade  states  arising  from  the  lowest 
dissociation  limit.  Only  coupling  to  the  ^TTg  provides  a  reasonable 


Table  I.  MOLECULAR  CONSTANTS  OF  02  f  ng  STATE 


Isotope 

V 

A 

Ad(10"3) 

B 

D(10”6) 

16,16 

15347.23(88) 

-47.97(36) 

- 

0.5142(88) 

[0.5087] 

16,16 

15604.057(53) 

-45.726(37) 

0.88(68) 

0.50107(107) 

1.65(13) 

16,18 

15753.419(120) 

-45.997(81) 

1.79(88) 

0.47465(139) 

1.24(16) 

18,18 

15907.657(133) 

-46.275(93) 

0.68(2.52) 

0.4524(48) 

2. 9(3.0) 

16,16 

15789.677(34) 

-40.148(24) 

6.59(52) 

0.42395(92) 

4.46(47) 

16,18 

15941.4887(84) 

-41.0202(65) 

5.97(29) 

0.41124(50) 

3.75(28) 

18,18 

16097.2333(41) 

-41.7790(33) 

4.735(65) 

0.395851(15) 

2.86(8) 

a  Band  origins  are  relative  to  a^IIu(v»6).  The  origins  of  f^II  (v-3)  lie 


362.2  ±  1.8  cm  *,  348.5  cm  *,  and  333.1  cm”*  above  0+(^S)  +  0(3P2)  for 


16 , 16n  +  16 , 18n  + 
u2  »  °2  » 


*®’*®02+,  respectively. 


and 
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FIGURE  9  ABSORPTION  LINEWIDTHS  MEASURED  FOR  THE  ROTATIONAL 
LEVELS  IN  v  =  2  OF  THE  0*  f4rig  STATE 

The  linewidths  are  plotted  for  the  three  isotopic  combinations  of  this 
ion  as  a  function  of  the  rotational  level  energy  in  cm'1  relative  to  its 
substate  origin.  Predissociation  lifetimes  corresponding  to  the  measured 
linewidths  range  from  14  ps  to  4  ps. 
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Table  II.  OBSERVED  LINEWIOTHS  (GHz)  IN  THE  f^IIg 
SUBSTATES  AND  THE  RELATIVE  LINE WIDTHS  EXPECTED  DUE  TO  SPIN-ORBIT 
COUPLING  TO  VARIOUS  02+  GERADE  STATES. 


Observed 


Predicted  F  (relative) 


explanation  for  the  observed  linewidth  ratio  of  2.0  ±  0.3  for  v  -  2  in  the 
Q  ■  1.5  and  2.5  substates.  Moreover,  spin-orbit  coupling  to  the  Eg  must 
also  occur  to  account  for  the  very  rapid  predissociation  of  v  ■  2  and  3  in  the 
Q  ■  ±  0.5  substates.  The  locations  of  the  potential  energy  curves  for  both  of 
these  states  given  in  Figure  7  are  taken  from  the  recent  calculations  of 
Marian  et  al.^  It  is  clear  from  the  observed  lifetimes  that  either  the 
actual  location  of  the  Eg  state  must  lie  somewhat  lower  in  energy  than 
calculated  or  its  potential  barrier  must  be  substantially  smaller  than  calcu¬ 
lated  in  order  to  effectively  predissociate  the  f  state.  In  principle,  the 
locations  of  both  predissociating  states  could  be  more  accurately  established 
on  the  basis  of  the  observed  lifetime  ratios  for  v  -  2  and  3  in  the  f  state. 

Figure  10  shows  the  photofragment  kinetic  energy  spectra  obtained  for 
four  completely  resolved  absorption  lines  that  terminate  in  the  lowest 
rotational  level  of  v  *  3  in  the  f^IIj  g  and  f%2  5  substates.  The  different 
shapes  of  the  Q  and  P  branch  lines  arise  from  the  different  angular  distri¬ 
butions  of  the  photofragments;  these  distributions  are  produced  by  the  change 
in  angular  momentum  caused  by  the  absorbed  photon.  We  also  find  that  the 
angular  distributions  observed  in  these  branches  and  in  the  R  branch  change 
rapidly  with  Increased  rotation  of  the  molecule.  These  effects  were  predicted 
by  Zare^  in  1964,  but  are  only  now  experimentally  observed.  Figure  10  also 
shows  that  multiple  photofragment  kinetic  energy  releases  are  produced  in  the 

predissociation  of  the  single  rotational  levels.  This  is  due  to  the  produc- 
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tion  of  the  neutral  0  fragment  in  different  P  fine-structure  states.  We  find 
that  in  v  ■  3,  the  Q  ■  1.5  substate  predissociates  to  ^Pq,  ^Pj,  and 
^?2  in  the  ratio  0.38:0.32:0.30.  We  further  find  that  the  Q  *  2.5  substate 
predissociates  in  the  ratio  0:0.29:0.71.  This  observation  of  branching  among 
the  atomic  fine-structure  states  is  in  marked  contrast  to  our  results  for 
predissociation  of  the  b  state  and  for  predissociation  of  all  substates  in 
v  ■  2  of  the  f  state,  where  only  the  lowest  energy  atomic  products  are 
produced.  Whereas  the  predissociation  lifetimes  reflect  the  coupling  of  the  f 
state  to  the  other  gerade  states  at  short  internuclear  distance,  the  final 
electronic  states  of  the  photofragments  are  determined  by  these  couplings  as 
well  as  the  interaction  with  these  states  at  larger  internuclear  separa¬ 
tions.  If  the  separation  of  the  products  proceeded  adiabatically,  the 
Q  -  2.5  substate  would  produce  only  0(  P2)  and  the  Q  «  1.5  substate  would 
yield  only  0(  Pj).  The  observed  yield  of  products  suggests  that  spin-orbit 


coupling  of  the  f  state  to  both  the  X*II  and  the  °L„  states  must  occur  at 

*  17  ° 

Intermediate  internuclear  distances.  Dump  has  treated  these  long-range 
interactions  in  02+  in  detail  and  finds  reasonable  agreement  with  the  observed 
ratios. 

In  summary,  our  study  of  the  predissociation  of  the  (>2+  f^IIg  state  has 
yielded  the  first  molecular  constants  and  experimental  potential  energy  curve 
for  this  state,  a  detailed  understanding  of  its  predissociation  mechanisms, 
the  first  observation  of  variations  in  the  angular  distribution  of  photo- 
fragments  as  a  function  of  rotation,  and  the  first  observation  of  branching 
among  atomic  fine-structure  levels  in  a  photodissociation.  Two  papers 
describing  these  results  in  more  detail  are  in  preparation. 

F.  SH+ 

The  SH+  ion  plays  a  major  role  in  the  sulfur  chemistry  of  the  inter¬ 
stellar  medium  and  can  be  expected  to  participate  in  combustion  and  plasmas 
containing  sulfur  or  its  compounds.  The  order  of  the  lower  electronic  states 
in  SHf ,  shown  by  the  potential  energy  curves  in  Figure  11,  is  similar  to  that 
of  OH  ;  however,  the  relative  energies  of  these  states  and  the  limits  to  which 
they  correlate  have  been  greatly  influenced  by  the  much  lower  ionization 
potential  of  the  sulfur  atom. 

The  locations  of  the  bound  electronic  states  of  SH+  shown  in  Figure  11 
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have  been  established  by  photoelectron  spectroscopy  of  the  SH  radical.  In 

1  _ 

addition,  the  transitions  A  II(v“0)  ♦  XL  (v*0-2)  have  been  observed  at 

19  20 

moderate  resolution  in  emission  and  Edwards,  Maclean,  and  Sarre  have 

recently  reported  observing  predissociation  of  v  -  1  of  the  A  state  in  the 
(1,3)  band  of  this  system. 

We  have  observed  predissociation  of  SH+  into  S+  +  H  at  moderate  (1  cm-*) 
resolution  over  the  wavelength  range  of  6520  -  5800  A  in  an  extensive  series 
of  structured  bands.  By  measuring  the  kinetic  energies  of  the  S+  photo¬ 
fragments  produced  at  discrete  photon  energies,  we  establish  the  energetic 
locations  of  the  absorbing  and  predissociating  states  as  given  by  the  vertical 
arrows  labelled  I,  II,  and  III  in  Figure  11.  Rotational  analysis  of  predisso¬ 
ciation  band  I  identified  the  absorbing  state  as  the  a*A(v~7)  and  the 
predissociating  state  as  one  vibrational  level  of  the  c*n.  This  level  of  the 
c  state  is  found  to  predissociate  to  the  S+(^S)  limit  with  a  kinetic  energy 
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FIGURE  1 1  POTENTIAL  ENERGY  CURVES  FOR  THE  LOWER  ELECTRONIC  STATES 
IN  SH* 

Levels  observed  by  photoelectron  spectroscopy  are  shown  as  the  full  solid 
horizontal  lines.  Transitions  observed  in  this  work  are  shown  by  the 
vertical  lines  labeled  I.  II,  and  III. 
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release  of  -  1.8  eV.  Since  no  lower  kinetic  energy  releases  were  observed 
from  this  band  system,  we  assume  the  predissociating  level  of  the  c  state  is 
v  »  0.  This  is  supported  by  the  ionization  potential  measured  for  this  state 
by  photoelectron  spectroscopy.  Higher  vibrational  levels  of  the  c  state  are 
not  observed  in  the  photoelectron  spectrum  because  of  overlap  by  intense 
Impurity  features.  Consequently,  the  equilibrium  internuclear  distance  for 
this  state  was  not  known.  We  have  established  this  distance  from  the 
rotational  analysis  and  used  it  to  construct  the  potential  energy  curve  for 
the  c  state  shown  in  Figure  11. 

Predissociation  bands  II  exhibit  an  extensive,  overlapping  rotational 

structure  that  yields  S+  photofragments  with  kinetic  energies  ~  50  meV.  The 

most  consistent  explanation  of  these  bands  is  that  the  absorptions  occur  from 

high  vibrational  levels  of  the  a^A  state  into  v  ■  1  of  the  c  state.  The 

presumed  dissociation  mechanism  for  this  level  is  tunneling;  the  c  state  is 

believed  to  be  largely  quasibound,  with  a  barrier  at  large  internuclear 

separations  that  is  due  to  an  avoided  crossing  of  the  two  *11  states  arising 
+  2  +2 

from  the  S  (  D)  and  S  (  P)  separated  atom  limits. 

Finally,  a  series  of  bands  labelled  III  in  Figure  11,  having  a  structure 
characteristic  of  a  "*n  «■  ^Z  absorption,  is  observed  to  predissociate  into  S+  + 
H  with  a  kinetic  energy  release  in  the  range  of  0.9  -  1.5  eV.  The  rotational 
structure  of  these  bands  is  too  dense  to  be  assigned  in  the  moderate  resolu¬ 
tion  spectra  thus  far  obtained.  However,  the  bands  almost  certainly  reflect 
absorptions  from  high  (v<ll)  vibrational  levels  of  the  X  state  into  a  number 
of  vibrational  levels  of  the  A  state,  and  these  levels  are  predissociated  by 
the  ^Z~  state  arising  from  the  S+(^S)  separated  atom  limit. 

Despite  the  accurate  photofragment  kinetic  energy  releases  measured  in 
the  present  work,  we  cannot  as  yet  confirm  the  bond  dissociation  energy  of 
SH.  All  the  bands  observed  in  the  present  wavelength  region  originate  in  high 
vibrational  levels  whose  energetic  locations  are  not  well  characterized. 
Further  progress  on  the  study  of  the  SH+  ion  will  require  the  measurement  of 
its  photofragment  spectrum  in  the  region  of  3000  A. 


1.  Introduction 

2  4* 

The  X  E  ground  electronic  state  of  CH^I  ,  produced  by  removing  a 

nonbonding  electron  centered  on  the  iodine  atom  in  the  neutral  molecule, 

exhibits  a  large  spin-orbit  splitting  into  X  E 3/2  and  X  E ^ / 2  components. 

21 

These  states  appear  in  the  photoelectron  spectrum  of  CH3I  as  two  sharp  peaks 

99 

of  roughly  equal  intensities,  with  adiabatic  ionization  potentials  of  9.5382 

and  10.1642  ~  0.0001  eV,  respectively.  Weak  features  that  accompany  the 

2 1 

photoionization  of  methyl  iodide  have  been  assigned  to  excitation  of  the 
v2»  v3»  v4>  ^  v5  vibrational  modes  in  the  ground  state  of  the  ion  with 
frequencies  comparable  to  those  in  the  neutral  molecule. 

The  removal  of  a  bonding  electron  from  methyl  iodide  centered  on  the 
C  -  I  bond  produces  the  first  excited  electronic  state  of  CH3I  ,  the  A  Aj  (in 
the  Cjy  point  group)  or  A  E^j  (in  the  Cjv*  point  group  where  account  is  taken 
of  the  strong  spin-orbit  coupling).  This  state  appears  in  the  high  resolution 
photoelectron  spectrum  as  a  very  broad  peak  on  which  weak  vibrational  struc¬ 
ture  spaced  by  ~  300  cm-1  is  superimposed.  The  adiabatic  ionization  potential 
of  this  state  is  fixed  at  11.949  <  0.007  eV,  and  the  vibrational  structure  is 
assigned  to  excitation  of  its  V3  (C-I  stretching)  mode.  This  state  has  been 

studied  using  photoelectron-photoion  coincidence  spectroscopy  by 
23  24  25 

Eland  et  al.,  Mintz  and  Baer,  and  Powis  ,  and  it  is  found  to  dissociate 
into  CH^  +  I.  Comparing  the  distribution  of  fragment  kinetic  energies 
produced  in  the  dissociation  with  those  predicted  by  various  statistical 
theories  of  unlmolecular  dissociation,  they  found  poor  agreement  except  for 
very  low  values  (<  50  meV)  of  kinetic  energy  release.  This  led  them  to  sug¬ 
gest  that  Internal  conversion  to  the  ground  electronic  state  of  the  ion  and 
its  subsequent  dissociation  proceeded  too  rapidly  to  allow  the  equilibration 
of  internal  energy  assumed  by  statistical  theory.  We  show  in  our  present  work 
that  this  explanation  is  clearly  not  valid. 

Photodissociation  of  CH3l+  has  been  studied  by  four  laboratories, 
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including  the  present  work.  Morrison  and  coworkers  first  observed  photodis¬ 
sociation  of  CH3I4,  into  CH.j+  +  I  over  the  wavelength  region  of 
6500  -  4500  A.  With  a  nominal  resolution  of  3  cm  " ,  they  identified  two 
extensive  series  of  vibrational  bands,  which  they  assigned  to  absorptions  into 
the  A  state  from  the  two  spin-orbit  components  of  the  X  state.  They  were 


further  able  to  assign  the  vibrational  structure  observed  In  these  bands  to 
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progressions  in  the  mode  of  the  A  state*  More  recently,  they  have 

examined  two  of  the  vibrational  bands  with  a  resolution  of  0*1  cra~*  and  found 

2a 

extensive  rotational  structure. 
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Tadjeddine  et  al.  have  examined  the  kinetic  energy  release  distribu¬ 
tions  of  CH3+  photof ragments  produced  with  a  spectral  resolution  of  30  cm~^. 
For  their  investigation  they  chose  three  wavelengths  corresponding  to  transi¬ 
tions  into  the  first  three  photodissociating  vibrational  levels  of 
the  A  state.  They  were  able  to  measure  the  anisotropy  in  the  angular  distri¬ 
bution  of  the  photofragments,  establishing  that  the  A  state  predissociated  by 
internal  conversion  to  the  ^1/2  component  of  the  X  state.  They  further  found 

that  for  kinetic  energy  releases  of  <,  10  meV,  the  statistical  theory  of 
30 

Klots  gave  a  reasonable  account  of  the  dissociation  process. 

O  ]  . 

Chupka  et  al.  have  recently  prepared  rotationally  cold  CH^I  by 
resonant  two-photon  ionization  in  a  supersonic  beam  of  CH-j I  and  observed  its 
photodissociation  over  the  wavelength  region  of  6000  -  5730  A.  By  eliminating 
hot  bands  from  the  photodissociation  spectrum  and  greatly  reducing  rotational 
congestion,  they  were  able  to  confirm  the  vibrational  assignments  of 
Morrison.  From  their  more  accurate  bandhead  spacings  and  comparison  with  the 
photoelectron  spectrum,  Chupka  et  al.  conclude  that  Morrison's27  vibrational 
numbering  in  the  progressions  may  be  in  error  by  two  quanta.  Unfor¬ 
tunately,  the  spectral  resolution  used  in  their  work  was  not  sufficient  to 
resolve  Individual  rotational  lines  in  the  vibrational  bands. 


2.  Photodl8soclation  of  CHUT1'  at  Moderate  Resolution 


Under  this  contract,  we  have  examined  the  photodissociation  spectrum  of 
CH^If*"  at  subtantially  higher  spectral  resolution  than  in  previous  studies. 
Figure  12  shows  the  current  of  CHj+  photofragments  observed  at  a  spectral 
resolution  of  0.5  cm  *  over  the  wavelength  region  of  6100  -  5750  A.  The  four 
spectra  shown  in  this  figure  were  obtained  by  setting  the  energy  analyzer  to 
transmit  those  photofragments  produced  with  center-of-mass  kinetic  energies  of 
0,  6,  12,  and  20  meV,  respectively,  for  each  scan  of  the  dye  laser  wave¬ 
length.  The  five  bands  labeled  A  -  E  correspond  to  transitions  from  the 
X2E^2(0*0>0)  level  into  the  first  five  vibrational  levels  of  the  A  state 
that  lie  above  the  dissociation  threshold.  These  have  been  assigned  by 
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FIGURE  12  PHOTON  ENERGY  DEPENDENCE  FOR  THE  PRODUCTION  OF 

CH*  photofragments  from  ch3i*  WITH  CENTER-OF-MASS 
KINETIC  ENERGY  RELEASES  OF  0,  6,  12,  AND  20  meV 

The  spectra  were  obtained  with  a  laser  resolution  of  0.5  cm"’ . 


Morrison  as  the  (vi' »v2* * v3* >  *  (0,0,11),  (0,1,7),  (0,0,12),  (0,1,8),  and 
(0,0,13)  vibrational  levels,  respectively.  Bands  appearing  at  photon  energies 
lower  than  16700  cm  1  are  attributed  by  Morrison  to  hot  bands,  where  the 
absorbing  X  state  level  is  vibrationally  excited.  The  rotational  structure  in 
each  of  these  bands  appears  to  be  largely  resolved,  but  we  will  later  show 
that  this  is  not  the  case. 

It  has  been  implied,  but  never  demonstrated,  in  previous  work  that  the 
onset  of  photodissociation  in  the  A  state  corresponds  to  the  point  where  the 
energy  of  the  dissociating  A  state  level  exceeds  the  dissociation  energy  of 
CHjI+.  We  can  calculate  this  energy  D(CH3I+)  from  the  equation: 

D(CH3I+)  -  D(CH3I)  +  IP(CH3)  -  IP(CH3I), 

where  D(CH3I)  is  the  dissociation  energy  of  methyl  iodide,  IP(CH3)  is  the 

ionization  potential  of  the  methyl  radical, ^  and  IP(CH3I)  is  the  ionization 
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potential  of  methyl  iodide.  The  dissociation  energy  of  methyl  iodide  is 
calculated  from  the  accepted  heats  of  formation  of  CH3,  I,  and  CH3I  to  be 
2.387  ±  0.001  eV,  which  yields  D(CH3I+)  *  2.063  ±  0.005  eV.  However,  a  recent 
measurement  of  the  photofragment  kinetic  energy  spectrum  of  methyl  iodide^ 
has  proposed  a  dissociation  energy  for  this  species  of  2.294  ±  0.021  eV.  This 
value  yields  D(CH3I+)  *  1.970  ±  0.022  eV.  Notice  that  the  difference  between 
these  two  values  of  the  dissociation  energy  greatly  exceeds  their  combined 
error  limits.  The  2.063  eV  value  for  the  dissociation  energy  is  given  by  the 
arrow  and  associated  error  bar  in  Figure  12;  the  1.970  value  is  too  small  to 
appear  in  this  figure. 

We  note  that  the  rotational  envelopes  of  the  bands  labeled  A,  B,  and  C 
exhibit  sharp  bandheads  in  the  W  ■  0  spectrum  since  the  photofragment  kinetic 
energies  produced  in  the  predissociation  of  their  lowest  rotational  levels 
fall  within  the  0-3  meV  transmission  window  of  the  energy  analyzer.  The 
sharpness  of  the  bandheads  progressively  decreases  with  increasing  energy 
transmission  setting  of  the  energy  analyzer.  This  is  because  the  higher 
analyzer  settings  discriminate  against  photofragments  produced  by  the  lower 
rotational  levels  in  each  of  these  bands.  The  rate  of  bandhead  disappearance 
is  A  >  B  >  C  since  the  energies  at  the  rotational  origins  of  the  terminal  A 
state  vibrational  levels  corresponding  to  these  transitions  is  E^  <  Eg  <  Eq 


relative  to  the  dissociation  limit.  Photofragments  produced  in  bands  D  and  S 

exhibit  a  more  complex  dependence  on  analyzer  transmission  energy,  and  this 

relationship  will  be  discussed  later.  Note  that  the  shape  of  band  A  in  the 

W  -  20  meV  spectrum  corresponds  closely  to  the  shape  of  the  weak  band  labelled 
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F  in  the  W  *  0  spectrum.  Band  F  lies  at  a  photon  energy  where  Morrison's 
assignment  predicts  a  transition  into  the  (0,1,6)  level  of  the  A  state  would 
occur.  It  is  clear  from  the  shape  of  this  band  and  the  observed  photo¬ 
dissociation  at  the  rotational  origin  of  the  (0,0,11)  level  that  the  origin  of 
the  (0,1,6)  level  must  lie  14  ±  2  meV  below  the  dissociation  threshold,  such 
that  only  its  highest  rotational  levels  can  predissociate.  This  predisso¬ 
ciation  of  high  rotational  levels  in  the  (0,1,6)  vibrational  level 
demonstrates  that  the  onset  of  photodissociation  in  the  A  state  is  governed  by 
energy  constraints  in  the  dissociation  channel  rather  than  by  any  limitation 
imposed  in  the  photon-absorption  process;  it  also  fixes  the  energy  of  the 
photodissociar ion  threshold  at  2.087  ±  0.002  eV  above  the  X^E^2^»^»0) 
level.  This  threshold  is  24  ±  5  or  117  ±  22  meV  above  the  two  estimates  for 
the  dissociation  energy  of  the  X  E^/2  state. 

Me  have  also  measured  the  kinetic  energy  spectra  of  the  Ctf-j+  photo¬ 
fragments  produced  near  the  origins  of  bands  A  -  E.  Since  more  than  one 
rovibrational  transition  falls  within  the  0.5  cm  *  bandwidth  of  the  laser,  the 
observed  spectra  show  distributions  of  kinetic  energy  release  rather  than  the 
discrete  kinetic  energy  releases  that  would  be  produced  in  the  dissociation  of 
a  single  excited  state  level.  In  Figure  13  we  have  plotted  the  most  probable 
kinetic  energy  releases,  Wmp,  observed  in  the  distributions  measured  for  peaks 
A  -  E  as  a  function  of  the  exciting  photon  energy;  with  the  exception  of  a 
small  amount  of  rotational  energy,  this  photon  energy  is  equivalent  to  the 
energy  of  the  dissociating  levels  above  the  X  Ej^tO.O.O)  level.  The  kinetic 
energy  distributions  obtained  from  bands  D  and  E  were  found  to  be  blmodal;  the 
two  values  of  obtained  from  each  band  are  plotted  in  Figure  13.  It  can 
been  seen  from  this  figure  that  near  the  dissociation  threshold,  W  increases 

essentially  linearly.  Haney  and  Franklin  have  found  that  the  average 
release  of  kinetic  energy  in  fragment  ions  produced  by  dissociative 

electron- impact  ionization  can  be  described  by  the  equation  W  *  E*/0.44N, 

*  v 
where  E  is  the  excess  energy  of  the  molecule  above  its  dissociation  threshold 

and  N  is  the  number  of  vibrational  modes  in  the  parent  ion,  and  0.44  is  an 

empirical  factor.  This  equation  is  consistent  with  that  predicted  by  more 
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FIGURE  13  AVERAGE  PHOTOFRAGMENT  CENTER-OF-MASS  KINETIC 
ENERGY  RELEASE  (Wmp)  FROM  THE  PHOTODISSOCIATION 
OF  CH3I+  AS  A  FUNCTION  OF  PHOTON  ENERGY 

The  five  photon  energies  shown  correspond  to  absorptions  in  bands 
A-E  of  Figure  12.  Bands  D  and  E  yield  bimodal  kinetic  energy 
distributions;  both  average  values  are  plotted  in  this  Figure.  The 
solid  curves  are  drawn  through  the  points  with  a  slooe  of  E*  0.44N 
0.2525.  The  arrow  at  2.063  eV  shows  the  higher  of  two  possible 
values  for  the  dissociation  energy  of  X  E, 


elaborate  statistical  discriptions  of  unimolecular  dissociation.  For  CH3I  , 
this  equation  predicts  W  should  vary  linearly  with  excess  energy  with  a 
slope  of  0.2525,  as  shown  by  the  solid  line  in  Figure  13.  The  values  of  W 

"■r 

observed  in  bands  A,  B,  and  C  are  consistent  with  this  equation,  but  the 

higher  values  of  Wmp  obtained  from  bands  D  and  E  represent  increases  much  more 

rapidly  than  linear.  Rather,  the  lower  values  of  W  obtained  from  bands  D 

mp 

and  E  can  be  described  by  a  second  straight  line  of  slope  0.2525. 

The  intercept  of  the  lower  energy  straight  line  in  Figure  13  indicates  a 

photodissociation  threshold  of  2.083  eV,  which  is  consistent  with  the  value 

obtained  from  the  spectra  in  Figure  12.  The  difference  in  the  intercepts  of 

the  two  lines  is  approximately  378  cm-*.  Qualitatively,  one  expects  the 

occurence  of  a  second,  lower  kinetic  energy  distrubution  in  bands  D  and  E  to 

Indicate  the  production  of  the  CH^  fragment  with  one  additional  quantum  of 

vibrational  energy,  and  this  quantum  of  energy  should  be  378  cm-*.  However, 

the  smallest  fundamental  frequency  calculated  for  CH3  is  1080  cm  l.  The 

actual  vibrational  frequencies  in  CHj+  may  indeed  be  smaller  than  the 
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theoretical  values.  Dyke  et  al.  have  assigned  a  feature  in  the  photo¬ 
electron  spectrum  of  the  methyl  radical  to  the  v2  fundamental  of  the  ion  with 
a  value  of  700  cm-*.  However,  it  should  also  be  remembered  that  the 

photodissociation  threshold  is  between  19  and  139  meV  (or  153  -  1121  cm-*) 

rw2 

above  the  range  of  possible  values  for  dissociation  of  the  X  into  ground 

state  products;  thus,  a  significant  barrier  exists  in  the  dissociation 
channel.  The  energy  required  to  surmount  this  barrier  must  appear  in  the 
various  degrees  of  freedom  of  the  products.  Figure  13  shows  clearly  that  this 
energy  is  not  in  product  translation  at  threshold,  and  internal  excitation  of 
the  1  fragment  requires  substantially  more  energy  than  is  available.  Orbital 
angular  momentum  of  the  separating  fragments  will  certainly  account  for  some 
of  the  energy,  but  this  cannot  play  a  major  role  at  the  immediate  threshold. 
Consequently,  we  can  expect  most  of  the  excess  energy  at  threshold  to  be 
absorbed  by  rotational  and  vibrational  excitation  of  the.  CH^"*"  fragment. 
Vibrational  excitation  of  the  is  not  surprising  when  one  considers  that 

this  radical  has  a  pyramidal  structure  in  CH3I"*",  whereas  the  ground  state  free 
radical  is  believed  to  be  planar.  If  the  lower  of  the  two  possible  values  for 
the  X  B|/2  dissociation  energy  is  correct,  then  the  CH^  fragment  could  be 
produced  with  one  quantum  of  vibrational  excitation.  The  378  cm-*  difference 


We  have  also  studied  the  photodissociation  of  CH^I  at  very  high  resolu¬ 
tion  (0.003  cm-*).  Figure  14  shows  a  1.4  cm  *-wide  segment  of  band  A  obtained 
with  a  single  mode  dye  laser  having  a  linewidth  of  0.0004  cm-*  (15  MHz).  An 
enormous  number  of  absorption  lines  appear  in  this  small  segment  of  the  spec¬ 
trum  and  similar  line  densities  are  observed  in  other  bands.  It  is 

—  1  o  o 

immediately  clear  that  the  0.1  cm  laser  bandwidth  being  used  by  Morrison 

to  investigate  the  rotational  structure  of  CH-jl"*"  will  yield  only  absorption 

features  representing  the  superposition  of  a  number  of  rotational  lines  rather 

than  the  rotational  lines  themselves.  Each  of  the  absorption  lines  in 

Figure  14  is  found  to  have  a  linewidth  of  ~  80  MHz.  Most,  if  not  all,  of  this 

linewidth  can  be  attributed  to  the  residual  Doppler  width  associated  with  the 

kinetic  energy  and  angular  spreads  in  the  CHjI+  beam  and  with  the  laser 

linewidth.  Consequently,  the  lifetime  of  the  absorbing  levels  in  the  A  state 

must  be  >  2  ns.  Dissociation  of  the  A  state  levels  is  believed  to  be  a 

two-step  process:  internal  conversion  to  the  X  state  is  required  for  the  ions 

to  dissociate.  The  lower  limit  of  >  2  ns  is  on  the  time  required  for  the 

internal  conversion;  dissociation  of  the  X  state  could  occur  at  a 

substantially  faster  or  slower  rate.  Yet,  we  also  know  that  the  CH-jI+  ions 

both  absorb  a  photon  and  dissociate  within  the  laser  interaction  region.  No 

evidence  was  found  for  dissociation  of  the  ions  in  the  region  between  Q2  and 

the  energy  analyzer  after  a  photon  was  absorbed  in  the  region  between  Q1  and 

Q2  (see  Fig.  1).  This  places  an  upper  limit  on  the  predissociation  lifetime 

of  <  1  p.s,  the  magnitude  of  which  is  the  minimum  time  required  for  photo- 

excited  CH^I+  to  traverse  Q2.  These  very  long  lifetimes  imply  that  the 

internal  energy  of  the  CH^I+  ion  is  not  statistically  randomized  in  the  slow 

internal  conversion  process  and  that  the  slow  internal  conversion  is  followed 

by  a  very  rapid  predissociation  of  Che  X  Ej/?  state. 

We  have  measured  the  photofragment  kinetic  energy  spectra  of  a  large 
number  of  the  individual  rotational  lines  appearing  in  the  high  resolution 
absorption  spectra.  Rather  than  finding  the  distribution  of  kinetic  energy 
releases  that  accompanied  photoexcitation  of  the  ions  with  a  0.5  cm-* 
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FIGURE  14  PHOTON  ENERGY  DEPENDENCE  FOR  THE  PRODUCTION  OF  CH3I+  PHOTOFRAGMENTS 
FROM  THE  PHOTOCISSOCIATION  OF  CH^*  WITH  A  LASER  RESOLUTION  OF  0.00067  cm'1 
(20  MHz) 


The  spectrum  was  obtained  in  Sand  A  of  F;gure  12.  Observed  linewidths  of  80  MHz  place  an  upper 
limit  on  the  predissociation  lifetime  of  >  2  ns.  Lines  labeled  a,  J,  and  y  produce  discrete  photo¬ 
fragment  kinetic  energy  releases  (W)  given  in  the  figure. 
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bandwidth  laser,  we  found  that  the  individual  lines  yield  discrete  releases  of 

translational  energy  in  the  center  of  mass  frame.  In  fact,  the  magnitude  of 

the  energy  releases  appears  to  be  quantized.  For  example,  the  seven  lines  in 

the  region  of  16835.1  cm-*,  labelled  a,  8,  and  y  in  Figure  14,  produce  only 

three  different  releases  of  kinetic  energy:  Wa  *  2.7  ±  0.1  meV,  *  3.4  ± 

0.2  meV,  and  -  5.2  ±  0.2  meV.  Similar  values  extending  as  low  as  2.0  meV 

at  the  bandhead  are  found  for  the  prominent  lines  in  other  regions  of  band 

A.  These  energies  are  very  close  to  the  expected  spacing  of  rotational  levels 
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in  the  CH3  fragment.  Using  the  calculated  rotational  constants  for  this 
ion,  the  (J,K)  »  (1,0)  -  (0,0)  spacing  is  predicted  to  be  2.6  meV,  (2,0)  - 
(1,0)  is  5.3  meV,  (1,1)  -  (0,0)  is  2.0  meV,  and  (2,2)  -  (1,1)  is  3.4  meV. 

4.  Conclusions 

The  observed  production  of  a  discrete  internal  energy  state  from  a 

discrete  excited  state  of  the  parent  CH^I*  molecule  shows  the  possible  dangers 
of  applying  a  statistical  description  to  unimolecular  dissociation  or 
bimolecular  reaction  dynamics  in  a  collision-free  environment  without  a  very 
detailed  knowledge  of  the  intermolecular  energy  transfer  rates  in  the 
molecule.  In  the  present  case  of  CH^I4",  the  observed  energy  width  of 
individual  A  state  levels  is  so  small  that  no  significant  overlap  with  other 
levels  in  the  molecule  can  occur.  In  the  absence  of  a  thermal  collision  bath, 
this  appears  to  prevent  significant  randomization  of  excess  energy  either 
within  the  parent  ion  or  in  the  population  of  fragment  molecule  quantum 
states.  However,  when  a  sufficient  number  of  initial  states  are 
simultaneously  probed  by  a  wide  bandwidth  laser,  kinetic  energy  release 
distributions  are  obtained  that  appear  to  be  consistent  with  the  molecule 
dissociating  statistically.  In  fact,  we  are  only  relying  on  a  sufficient 
number  of  absorption  lines  to  fall  within  the  laser  bandwidth  to  produce  a 
pseudo-statistical  distribution  of  excited  levels  in  the  molecule,  and  these 
energies  then  individually  dissociate  to  produce  a  quasi-contlnuous 
distribution  of  fragment  kinetic  energies.  This  process  has  nothing  to  do 
with  energy  randomization  in  the  molecule,  but  relies  only  on  a  fortuitous 
distribution  of  rotational  lines  in  the  absorption  band. 

Statistical  theory  has  traditionally  been  applied  to  describe 
unimolecular  dissociation  processes  in  molecular  ions.  This  theory  has  been 


used  extensively  because  it  requires  very  little  knowledge  of  the  potential 

energy  surfaces  of  the  molecule,  in  contrast  to  the  concept  of  nonadiabatic 
37 

processes  controlling  the  unimolecular  dissociation.  Statistical  theory, 

generally  termed  RRKM  or  quasi-equilibrium  theory  (QET),  relies  on  the  energy 

deposited  in  the  reacting  molecule  to  be  uniformly  distributed  over  its  phase 
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space  prior  to  dissociation.  Thus,  RRKM-QET  predicts  that  the  distribution 

of  products  from  an  unimolecular  reaction  will  be  Independent  of  how  a  given 
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energy  content  is  produced  within  the  reacting  molecule.  It  is  recognized 

that  if  the  rate  of  reaction  exceeds  the  rate  of  randomization  for  the  energy 

deposited  in  a  given  mode  of  the  molecule,  deviations  will  be  observed  in  the 

distribution  of  dissociation  lifetimes  from  that  predicted  by  statistical 

theory.  It  is  far  more  common  for  this  diagnosis  to  be  made  on  the  basis  of 

the  translational  energy  distribution  observed  for  the  dissociation  pro- 
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ducts.  ’  However,  we  find  that  excitation  bandwidth  can  yield  a 

pseudo-continuous  spectrum  of  kinetic  energy  release.  Hase^  has  shown  that 

excited  molecules  with  non-RRKM-QET  lifetime  distributions  can  dissociate  to 

products  with  apparent  RRKM-QET  translational  energy  distributions.  It  is 

generally  believed  that  very  rapid  dissociations,  occurring  on  time-scales 
38 

<  1  ps,  are  required  to  prevent  statistical  redistribution  of  the  excitation 
energy.  However,  we  find  that  this  process  does  not  occur  in  CH-jI+  where  the 
dissociation  rate  is  1000  times  slower. 

It  thus  appears  that  the  basic  assumptions  of  statistical  theory  will  be 

satisfied  only  in  those  molecular  ions  that  dissociate  within  a  time  window  of 

approximately  1  ns  <  x^gg  <  1  ps«  Moreover,  it  appears  that  the  kinetic 

energy  distribution  observed  for  the  dissociation  products  does  not  provide  a 

reliable  diagnostic  for  the  application  of  statistical  theory  to  a  specific 

molecule.  Direct  measurement  of  the  dissociation  lifetime  is  clearly 

preferred,  but  has  thus  far  been  attempted  for  very  few  species. 

Nevertheless,  it  is  clear  that  CH^I*”  is  not  an  isolated  example  of  a 
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polyatomic  ion  with  a  long  dissociation  lifetime.  Goss  et  al.  have 
investigated  the  photodissociation  of  larger  alkyl  iodide  cations  and  find 
evidence  of  rotational  structure  in  the  spectrum  of  n-CjHyl"*",  although  their  3 
cm  *  bandwidth  is  much  too  large  to  determine  whether  individual  rotational 
levels  participate  in  the  dissociation.  Substantial  high  resolution  work 
remains  to  be  done  in  this  area. 
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N2J+  ions,  produced  by  electron  impact  of  Nj,  are  observed  to  predissociate  into  N  +  +  N+  when 
irradiated  by  a  dye  laser  at  photon  energies  between  14900  and  19  500  cm-1.  Five  structured  bands 
in  the  spectrum  are  associated  with  absorptions  from  X  'EJ  (u  =0,1,2)  into  three  predissociated  lev¬ 
els  of  the  l'n,  state.  The  two  highest  levels  of  the  l'n.  are  believed  to  dissociate  by  tunneling 
through  the  Coulombic  barrier  in  its  potential-energy  curve,  whereas  the  lowest  level  is  predissociat¬ 
ed  by  the  l'E^  state.  Kinetic-energy  analysis  of  the  N+  photofragments  establishes  the  energy  of 
X  'EJ'  (u=0)  at  4.8±0.2  eV  above  the  N  +  +  N  +  dissociation  asymptote  and  yields  an  adiabatic  ap¬ 
pearance  potential  of  43.6±0.2  eV.  Molecular  constants  for  the  X  '2/  and  l'n.  states  are  deter¬ 
mined. 


L  INTRODUCTION 

Electronic  states  of  doubly  charged  diatomic  molecules 
dissociating  to  the  single-charged  atoms  are  mainly 
characterized  by  Coulomb  repulsion  of  the  atomic  ions. 
However,  at  small  intemuclear  distances,  the  chemical 
forces  can  lead  to  a  local  minimum  in  the  potential-energy 
curve  behind  the  Coulombic  barrier.  Although  the  poten¬ 
tial  curves  in  general  lie  entirely  above  the  dissociation 
limit,  there  may  exist  quasibound  states  with  nearly  infi¬ 
nite  lifetime  if  the  potential  barrier  has  a  sufficient  height 
and  width.  Experimental  evidence  for  such  long-lived 
metastable  states  has  been  found  in  electron-impact,'-10 
ion-bombardment,"  and  Auger  electron12-14  experiments, 
which  provide  the  approximate  position  of  the  electronic 
states.  The  lower  electronic  states  of  such  common 
species  as  N2:+',  022+,  and  NOJ+  are  expected  to  have 
sufficiently  long  lifetimes15  to  permit  detailed  study  of 
their  molecular  properties  by  optical  spectroscopy.  But  so 
far  there  has  been  only  one  observation  of  discrete  vibra¬ 
tional  and  rotational  levels  in  any  doubly  charged  mole¬ 
cule:  Carroll14  observed  a  single  vibrational  band  in  the 
vuv  emission  spectrum  of  a  N2-He  discharge  and  assigned 
it  to  the  D  '2y  —X  'if  transition  in  N22+. 

We  report  here  the  first  application  of  photofragment 
spectroscopy  to  a  doubly  charged  diatomic  molecule. 
Discrete  structure  appears  in  the  wavelength  dependence 
of  the  photofragment  spectrum  of  N22+  which  allows  the 
determination  of  the  rotational  and  vibrational  constants 
of  two  electronic  states  of  this  ion.  In  addition,  the  ob¬ 
served  kinetic  energies  of  the  photofragments  establish  the 
absolute  energy  of  these  levels  with  respect  to  the 
N*  +N*  dissociation  limit. 

II.  EXPERIMENTAL 

The  laser-ion  coaxial  beams  photofragment  spectrome¬ 
ter  used  in  the  experiment  has  been  described  in  detail  pre¬ 
viously.17  The  14,I4N22+  ions  are  produced  by  electron- 
impact  ionization  (  — 100  eV)  of  N2  gas,  accelerated  to  typ¬ 
ically  5000  eV,  mass  selected,  and  collimated.  The  ion 
beam  is  then  merged  coaxially  using  an  electrostatic  quad¬ 
ruple  (Q  l )  with  a  laser  beam  over  a  length  of  60  cm,  cor¬ 
responding  to  an  interaction  time  of  typically  3  /xs.  The 
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fragment  ions  produced  in  the  interaction  region  are 
separated  from  the  primary  ion  beam  by  a  second  quadru- 
pole  field  (Q 2)  and  then  either  detected  on  an  open  elec¬ 
tron  multiplier  (Ml)  or  passed  through  a  hemispherical 
electrostatic  energy  analyzer  and  detected  by  a  second 
multiplier  (M2). 

Dissociation  of  a  homonuclear  diatomic  ion  which 
releases  a  kinetic  energy  IV  in  its  center-of-mass  frame 
leads  to  a  maximum  (or  minimum)  translational  energy  of 
the  fragments  in  the  laboratory  frame  of 

Tm^n=E0n+wn±(E0w)'n  ,  in 

where  E0  is  the  kinetic  energy  of  the  N22+  beam.  If  no  ki¬ 
netic  energy  were  released  in  the  dissociation  ( W'  =0), 
then  the  fragment  ions  N+  would  appear  at  one-half  the 
energy  and  at  the  same  laboratory  velocity  as  the  N22+ 
ions.  Since  the  deflection  in  Q  2  (or  in  the  energy 
analyzer)  depends  on  the  ratio  T /Z  =muJ/2Z,  where  Z  is 
the  charge  number,  both  N22+  primary  ions  and  N+  frag¬ 
ment  ions  would  follow  the  same  flight  paths  and  be  indis¬ 
tinguishable.  Fortunately,  the  metastable  nature  of  the 
N2  molecule  assures  that  the  photodissociation  process 
N22+  +hv— »N+  +  N+  +  W  leads  to  an  energy  release  W 
of  several  eV  in  the  center-of-mass  system  of  the  dissociat¬ 
ing  molecule.  This  high  value  of  W  produces  a  consider¬ 
able  difference  between  T /Z  of  the  photofragments  N+ 
and  the  primary  N22*  ions,  which  permits  their  separation 
using  only  electrostatic  fields.  The  kinetic  energy  of  the 
photofragments  also  leads  to  high  transverse-velocity  com¬ 
ponents  of  the  fragment  ions  due  to  iheir  angular  distribu¬ 
tion.  This  decreases  the  efficiency  of  a  detector  collecting 
only  fragments  which  dissociate  into  a  cone  of  center-of- 
mass  solid  angle  <£~sin-l[a(£/HOl/2],  where  a  is  the  ac¬ 
ceptance  angle  of  the  detector.  Therefore,  the  open  multi¬ 
plier  with  its  relatively  large  a  of  about  20  mrad,  corre¬ 
sponding  to  d  =  30*,  has  mainly  been  used.  Only  when 
determining  the  kinetic  energy  of  the  fragments  was  the 
energy  analyzer  with  a  =  2  mrad  or  4>  =  2'  applied. 

Transitions  which  lead  to  the  dissociation  of  N,:+  into 
N+  +  N+  were  observed  at  a  resolution  of  ~2  cm-1  in  the 
spectral  range  of  14  900—19  500  cm-1  using  a  multimode 
cw  dye  laser.  As  the  interaction  with  the  ion  beam  lies  in 
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FIG.  2.  High-resolution  spectrum  of  a  portion  of  the  a ,  band. 
Laser  was  operated  single  mode  at  19  429.79  cm-1  while  the 
N2j+  ion-beam  energy  was  varied  from  6120  to  4920  eV  to  ob¬ 
tain  this  spectrum.  Assigned  transitions  in  the  dj  band  are  la¬ 
beled. 


III.  OBSERVED  SPECTRA 


FIG.  1.  Photon-energy  dependence  for  the  production  of  N* 
photofragments  from  N;2*.  Spectrum  was  taken  within  the 
dye-laser  cavity  at  an  approximate  resolution  of  1.5  cm"1.  Both 
Doppler  components,  separated  by  18.9—24.7  cm-1,  appear  in 
the  spectrum  for  each  transition.  Origins  of  the  a  bands  are  in¬ 
dicated  by  arrows.  Range  over  which  rotational  lines  are  ob¬ 
served  is  shown  for  the  (3  and  y  bands. 


the  cavity  of  the  laser,  every  line  appears  twice  in  the  spec¬ 
tra  due  to  the  opposite  Doppler  shifts  for  the  parallel  and 
the  antiparallel  traveling  electromagnetic  waves.  Nine 
lines  were  also  measured  at  high  resolution  (0.003  cm-1) 
by  an  experimental  arrangement  where  the  ion  beam  in¬ 
teracts  extracavity  with  the  beam  of  a  single-mode  Ar+ 
laser.  By  varying  the  kinetic  energy  of  the  Nj2+  beam  in 
the  interaction  region,  the  Doppler-shifted  frequency  of 
the  laser  could  be  scanned  continuously  over  two  regions 
of  —6  cm-1  with  the  laser  copropagating  or  counterpro- 
pagating  with  respect  to  the  ion-beam  velocity. 


TABLE  I.  Lines  measured  at  high  resolution  in  the  a,  band. 


Branch 

J" 

Observed 

(cm"1)* 

Calculated 

(cm"1)" 

Q 

6 

19413.237 

19413.289 

P 

4 

19416.720 

19  416.767 

R 

8 

19417.342 

19417.381 

Q 

5 

19  420.626 

19420.601 

R 

0 

19441.305 

19441.346 

R 

3 

19441.468 

19441.524 

R 

l 

19  442.584 

19441.621 

R 

2 

19  442.641 

19442.681 

R 

4 

19439.063 

19439.147 

•Uncertainty  is  ±0.03  cm"1. 

"Calculated  using  the  merged  constants  in  Table  II. 


The  photofragment  spectrum  displayed  in  Fig.  1  shows 
the  photon-energy  dependence  in  the  range  of 
14900—19500  cm-1  for  the  production  of  N+  fragment 
ions  from  N2:'1'  with  center-of-mass  kinetic  energies  be¬ 
tween  3—10  eV.  Three  red-shaded  bands  labeled  ct\,  a2, 
and  aj,  each  containing  complete  P,  Q,  and  R  branches 
could  be  identified.  Partially  overlapping  with  the  a,  and 
a3  bands  were  two  bands  labeled  /?,  and  P2  which  consist¬ 
ed  only  of  Q  branches  similar  to  those  contained  in  the  a 
bands.  In  addition,  two  irregular  patterns  of  discrete  lines 
having  very  similar  structures  were  found  near  17  200  and 
19  200  cm"1.  These  are  labeled  y,  and  y;,  respectively. 
The  photodissociation  continuum  which  extends  over  the 
entire  observed  range  and  the  structured  band  at  the  red 
end  of  the  spectrum  in  Fig.  1  have  not  yet  been  identified. 

A  region  of  approximately  10  cm-1  near  the  head  of 
the  a ^  band  was  investigated  at  high  resolution  using  the 
5145-A  line  of  a  single-mode  Ar+  laser.  Figure  2  shows  a 
1.1 -cm-1  portion  of  the  spectrum  which  was  obtained  by 
scanning  the  energy  of  the  N::+  beam  from  6120  to  4920 
eV  with  the  laser  beam  copropagating  with  the  ion  beam. 
Two  of  the  observed  transitions  appear  in  this  segment  of 
the  spectrum.  A  total  of  nine  lines  belonging  to  this  band 
were  identified,  each  having  a  linewidth  of  1.0 ±0.2  GHz. 
The  measured  positions  of  these  lines  are  listed  in  Table  I. 

Kinetic-energy  spectra  were  obtained  for  three  Nj2-" 
dissociation  processes:  Photon-independent  spontaneous 
dissociation  of  N;:+  into  N*  was  observed  to  occur  with  a 
release  of  IF  =6. 8 ±0.3  eV.  This  process  was  monitored 
following  a  flight  time  of  order  13  ns  after  formation  of 
the  N,2+  ions  in  the  source  and  had  an  intensity  of  ap¬ 
proximately  10 %  that  of  the  photon-induced  continuum 
background  in  Fig.  1.  Kinetic-energy  releases  from  the 
continuum  process  were  J'ound  to  vary  from  8.1  eV  at 
6490  A  to  8.6  eV  at  5421  A.  Subtracting  the  energy  of  the 
photon  from  W  locates  the  absorbing  N:;""  levels  at 
6.26±0.4  eV  above  the  N*a-N'"  dissociation  limit.  Fi¬ 
nally,  the  kinetic-energy  release  found  for  the  a:  band  was 
7.3±0.2  eV,  thus  placing  the  absorbing  level  5.06±0.2  eV 
above  the  N*  -t-N*  dissociation  limit. 
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TABLE  II.  Molecular  constants  of  Ny*. 


Level 

T* 

B 

D  HO'8) 

q  10“') 

Bands 

i'nu 

V* 

21  405.7(1.4)b 

1.243  37(14) 

3.38(5) 

1.30(5) 

d]  and 

u‘-  1 

20436.312.6) 

1.287  5(107) 

-3(6) 

a: 

u‘  —  2 

19  382.6(1.5) 

1.329  3(53) 

0.2(4) 

B\  and  0; 

(t)’  — 3) 

(18  192) 

Yi  and  y; 

x'z; 

2 

3882.2(  1.4) 

1.805(5) 

-  1.6(2.21 

a, 

1 

1965.6(6) 

1.851  33(12) 

1.31(16) 

at,  at,  0 1,  and  y. 

0 

0 

1.8800(6) 

0.68(4) 

(D—X),  0,,  and  v. 

‘All  units  are  cm 

M-s.d.  uncertainty  in  the  final  digits  of  the  quoted  value. 


IV.  ROTATIONAL  ANALYSIS 

The  low-lying  electronic  states  expected  for  N22+  are  2, 
n,  and  A  in  the  multiplicities  singlet,  triplet,  and  quin¬ 
tet.18  For  the  a  bands,  single  P,  Q,  and  R  branches  could 
be  identified.  In  addition,  no  indication  for  fine-structure 
splitting  could  be  found  even  at  high  resolution.  Hence, 
we  conclude  that  these  bands  arise  from  a  singlet-singlet 
transition.  The  relative  intensities  of  the  branches  in  these 
bands  further  indicate  that  the  transition  must  be 
A  A  =  1 1 .  An  additional  aid  to  the  identification  of  the 
bands  is  obtained  from  the  intensity  alternation  of  the  ro¬ 
tational  lines  within  each  branch.  Lines  originating  in 
even-  and  odd-y"  values  appear  in  the  spectra  with  an  in¬ 
tensity  ratio  of  2:1.  This  alternation  arises  from  the  nu¬ 
clear  spin  ( /  =  1 )  of  UN  and  is  expected  to  be  observed 
only  in  2—  II,  I— 2,  and  II— 2  systems,  where  only  one 
A  component  is  pumped  for  a  specific  P,  Q,  or  R  transi¬ 
tion.  Since  2—  2  is  excluded  due  to  the  observed  presence 
of  the  strong  Q  branches  in  the  bands,  we  conclude  that 
the  a  bands  are  due  to  either  a  2*— II  or  a  II— 2  transi¬ 
tion.  Furthermore,  the  fact  that  the  P,  Q,  and  R  lines  are 
strong  for  even  J"  restricts  the  choice  to  'Hg— 1 2 or 
'nu— '2^\  because  only  in  these  two  cases  will  the  P,  Q, 
and  R  lines  originate  in  the  same  weak  or  strong  level  of 
the  2  state.  As  will  be  discussed  later,  we  assign  the  ob¬ 
served  transitions  to  a  'll,,— '2g*  system. 

A.  a  bands 

Approximately  35  rotational  lines  were  unambiguously 
assigned  in  each  of  the  three  a  bands.  A  direct  nonlinear 
least-squares  fit  of  these  lines  to  the  TIU  and  '2^  Hamil¬ 
tonians'1  yielded  the  molecular  constants  listed  in  Table 
II.  Only  in  the  a,  band,  where  high-resolution  measure¬ 
ments  were  made,  was  the  A-doubltng  coefficient  of  the 
TIU  state  statistically  significant  and  included  in  the  fit. 
As  can  be  seen  from  this  table,  the  a,  and  a,  bands  yield¬ 
ed  the  same  upper-state  rotational  constants,  whereas  the 
a,  and  a,  bands  yielded  the  same  lower-state  rotational 
constants.  We  therefore  conclude  that  the  n:  and  a-, 
bands  terminate  in  the  same  upper-state  vibrational  level 
(u'l.  Hence,  the  a,,  a:,  and  a1  transitions  can  be  labeled 
iv'.v"  +  I ),  <u'—  l,i>"),  and  lv',v"),  respectively. 

Carroll16  has  observed  a  '2*— -]1*  emission  band  of 
N;' '  which  is  believed  to  terminate  in  the  lowest  vibra¬ 
tional  level  of  the  X  '2,*  ground  state.  The  rotational  con¬ 
stant  for  this  level  obtained  from  this  band  is  fl0  =  1.8800. 


In  a  state  described  by  a  Morse  potential,  the  variation  in 
the  rotational  constant  with  vibrational  level  is  given'8  by 
the  equation 

Bv  =  B,  —  a,(tH-  4- )  .  (2) 

Hence,  the  difference  in  B„  between  any  two  adjacent  vi¬ 
brational  levels  is  ae.  From  the  two  lower-state  rotational 
constants  obtained  from  the  a  bands  Bv-  and  one 

expects  a, —  0.0463  ±0.005.  Thus,  the  rotational  constant 
for  the  next  lower  vibrational  level  in  the  absorbing  elec¬ 
tronic  state  should  be  approximately  , 

=  1.851  33  +  0.0463  or  1.898±0.005.  This  value  compares 
very  favorably  with  Carroll's  value  for  B0  in  the  X 
state,  suggesting  that  the  a  bands  arise  from  v  =  1  and  2  of 
this  same  state.  As  a  check  of  this  assignment,  we  can 
also  compare  the  iower-state  vibrational  frequencies. 
From  the  relationship  between  the  rotational  constant  50 
and  its  centrifugal  distortion  correction  Dn  in  an  harmonic 
oscillator,  Carroll  estimated  the  equilibrium  vibrational 
frequency  of  the  X  state  to  be  u>,  —  I960  cm'1.  Using  this 
value  together  with  our  observed  value  of  a,  and  Carroll's 
value  of  Bn,  the  anharmonicity  of  the  X  state  is  estimated 
from  the  Pekeris  relation18  to  be  <x>tx,  —  51  cm-1.  Hence 
the  estimated  vibrational  spacing  of  v  —  1  and  2  in  the  X 
state  would  be  of  order  1756  cm-1.  This,  too,  is  con¬ 
sistent  with  the  observed  spacing  of  1916.6  cm-1.  We  can 
therefore  be  reasonably  confident  that  the  assignment  of 
•T  2  *  (w  =  1,2)  to  the  two  observed  lower-state  levels  is 
correct. 

The  transitions  assigned  to  the  a  bands  are  shown 
schematically  as  a  function  of  energy  by  the  solid  vertical 
lines  in  Fig.  3.  Since  the  v  =0  level  of  the  X  state  is  likely 
also  populated  in  the  ion  beam,  one  would  expect  absorp¬ 
tions  from  it  into  the  two  completely  predissociatec 
upper-state  levels.  However,  these  transitions,  would 
occur  at  photon  energies  higher  than  20000  cm'1,  outside 
the  energy  range  covered  in  'he  photofragment  spectra. 
Finally,  one  would  also  expect  the  transition  r'—  1,2'. 
shown  as  the  dotted  vertical  line  in  Fig.  3.  to  occur  with 
its  origin  at  10  554.1  cm"1.  Indeed,  weak  Atfucture  does 
appear  in  this  region  superimposed  on  the  continuum 
background,  but  is  much  too  indistinct  to  attempt  a  rota¬ 
tional  assignment. 

B.  B  bands 

The  B\  and  /?-  bands  appear  as  additional  structure 
within  the  rotational  manifolds  of  the  a,  and  a ,  bands. 
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FIG.  3.  Schematic  of  the  levels  involved  in  the  a,  0,  and  y 
bands.  Dotted  vertical  lines  represent  unobserved  transitions. 
Assignment  of  the  upper  state  of  the  y  bands  is  not  supported  by 
a  rotational  analysis;  hence  the  existance  of  a  v' —  3  level  in  the 
'fl,  state  is  speculative. 
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FIG.  4.  A  portion  of  the  photolragment  spectrum  from  Fie.  1 
shown  on  an  expanded  photon-energ;  scale  Upper  curve  is  :he 
experimental  spectrum.  Center  and  bottom  curves  are  synthetic 
spectra  of  the  0\  and  a j  bands,  respectively,  generated  from  the 
constants  in  Table  II  assuming  a  rotational  temperature  of  400 
JC  and  a  laser  resolution  of  1.5  cm'1. 


The  upper  portion  of  Fig.  4  shows  the  photofragment 
spectrum  observed  within  the  spectral  range  of 
19027—19491  cm-'.  In  the  lower  portion  of  this  figure 
is  a  synthetic  spectrum  of  the  a-,  band.  As  can  be  seen  by 
comparing  the  synthetic  and  observed  spectra,  significant 
additional  structure  appears  among  the  higher  rotational 
transitions  of  the  a}  band.  Similar  additional  structure  is 
found  within  the  a,  band.  These  additional  lines  are 
named  the  0\  and  02  bands.  They  are  each  found  to  con¬ 
sist  only  of  a  single  Q  branch.  Consequently  only  the 
band  origins  and  the  difference  between  the  upper-  and 
lower-state  origins  can  be  uniquely  determined  from  the 
line  positions.  For  the  02  band,  the  band  origin  i‘0  was 
found  to  be  19  360  cm-1  and  AB  =0.615 10. 010  cm-1, 
whereas  for  0U  v0=  17405  cm-1  and  XB  =0.631  rO. 019 
cm-1.  A  simulation  of  the  02  band  is  shown  in  the  center 
of  Fig.  4. 

The  intensities  within  the  Q  branches  of  the  0  bands  are 
very  similar  at  higher  J  to  those  of  the  a  bands.  However, 
the  intensity  at  J"  <  10  is  substantially  less  than  would  be 
expected  and  very  low-7  transitions  may  indeed  not  be 
present  at  all.  Moreover,  there  is  no  evidence  of  the  corre¬ 
sponding  P  and  R  branches  in  the  spectra.  The  absence  of 
these  branches  implies  that  only  the  /  components  of  the 
'n  state  are  predissociated,  in  contrast  to  the  upper-state 
vibrational  levels  accessed  in  the  a  bands,  where  both  e 
and  /  components  of  all  rotational  levels  are  predissociat- 
ed.  As  discussed  later,  the  upper-state  vibrational  levels  of 
the  a  bands  are  likely  to  predissociate  by  tunneiing 
through  the  Coulombic  barrier  in  the  'fl  potential  well. 
Predissociation  of  oniv  the  /  components  in  the  0  bands 
suggests  that  the  upper-state  levels  must  lie  deeper  in  the 
'n  potential  well  such  that  the  bamer  width  prevents  effi¬ 
cient  tunneling,  thus  requiring  it  to  be  predissociated  by 
the  continuum  of  another  state.  Since  assignment  of  the  a 
bands  fixes  the  relative  energies  of  the  higher,  completely 
predissociated  vibrational  levels  and  the  bottom  of  the 
X  l2f  potential  well,  the  observed  band  origins  of  the  0X 
and  02  bands  require  that  they  originate  from  v  =  I  and  0, 
respectively,  of  the  X  stale  and  terminate  in  a  single,  par¬ 
tially  predissociated  level  v' —  2  of  the  'll  state.  These 
transitions  are  shown  schematically  by  the  long-dashed 
lines  in  Fig.  3.  Fixing  the  values  of  the  lower-state  rota¬ 
tional  constants  to  those  listed  in  Table  II,  a  least-squares 
fit  of  the  0i  and  0:  bands  to  the  ‘II  and  Hamiltonians 
yielded  the  molecular  constants  and  energy  separation  of 
the  v"=0  and  1  levels  of  the  state.  These  are  also 
shown  in  Table  II. 

C.  y  bands 

Finally,  two  groups  of  lines  labeled  y.  and  y:  appear  in 
the  photofragment  spectrum  near  17  200  and  19  200  cm-1. 
Their  line  positions  are  listed  in  Table  III  The  spacing  of 
the  lines  within  each  group  is  irregular;  they  apparently  do 
not  represent  transitions  into  contiguous  rotational  levels. 
However,  the  spacings  within  each  group  are  quite  similar, 
with  the  separation  of  the  corresponding  lines  varying 
from  1947.3  to  !95o.2  cm-1.  This  separation  is  quite 
close  to  the  spacing  of  r  =  1  and  0  of  the  V  2~  state,  sug¬ 
gesting  that  and  y;  originate  from  these  levels  and  ter¬ 
minate  in  a  fourth  predissociated  level  t '  -  3  of  the  Uu 
state,  as  shown  by  the  short-dashed  lines  in  Fig.  3.  The 
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TABLE  III.  Observed  lines  in  the  y  bands. 


y,  (cm-1)* 

y ;  (cm-1)* 

Difference  (cm"1) 

15992.0 

17  940.2 

1948.2 

16074.5 

18021.8 

1947.3 

16150.9 

18101.5 

1950.6 

16 162.3 

18  118.0 

1955.7 

16222.3 

18178.5 

1956.2 

‘Uncertainty  in  the  line  positions  is  ±2  cm 


expected  energy  of  this  level,  extrapolated  from  the  spac- 
ings  of  the  higher  vibrational  levels  in  this  state,  is  18  192 
cm-1.  Thus,  the  transitions  lie  in  the  correct  general  loca¬ 
tion  for  a  red-shaded  band.  We  have  not  yet  been  able, 
however,  to  assign  the  lines  to  specific  rotational  transi¬ 
tions,  possibly  due  to  level  shifts  or  extra  lines  produced 
by  the  predissociating  state.  Consequently,  we  consider 
our  attribution  of  y,  and  y2  to  the  (u*  —  3,1)  and  (i/  — 3,0) 
bands  in  the  1  Tl,, ■< — 'if  system  to  be  only  speculative. 

V.  VIBRATIONAL  ANALYSIS 

Rotational  analysis  of  the  a  and  0  bands  strongly  sug¬ 
gests  that  they  arise  from  the  three  lowest  vibrational  lev 
els  of  the  X'lf  state.  The  spacing  of  the  band  origins 
yields  the  vibrational  constants  for  this  state: 
co,  =2014.6±  1.7  cm-1  and  cotxt  =24.5±0.8  cm-1.  Simi¬ 
larly,  Bt  and  r,  can  be  estimated  from  the  constants  for 
these  three  levels  as  1.899±0.004  cm-1  and  1.126±0.001 
A,  respectively. 

An  upper  limit  for  the  energy  of  the  lowest  electronic 
state  of  N22+  relative  to  the  N+  -4-N+  dissociation  limit  is 
given  by  the  relation  (in  eV) 

U0  =  Kap(  Ni2’’  )  —  D0(  Nj )  —  2  T,p(  N ) 

=4.2±0.4  ,  (3) 
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FIG.  5.  Potential-energy  curves  of  Ny*.  Lower  ot'id  curve  is 
the  RKR  potential  of  the  .V  '2f*  state  deriveu  ;n  :his  work 
Upper  solid  and  short-dashed  curves  are  the  RKR  potentials  of 
the  1'n.  state  obtained  assuming  the  vibrational  numbering  of 
the  observed  levels  was  1.2.3  and  b.T.a,  respectively  Long- 
dashed  curves  are  the  theoretical  curves  for  these  states  from 
Ref.  24.  Dotted  curve  is  the  theoretical  1  2,"  curve  tor  C  given 
by  Ref.  27  transformed  to  N;'*  using  the  method  of  Ref.  15. 


where  ^AF<  N22+)  is  the  appearance  potential  of  N:2* 
from  N2  determined  by  Auger  spectroscopy15  (43.0±0.4 
eV),  Z)0(Ns)  is  the  dissociation  energy  of  N2(9.7594  eV),20 
and  K|p(N)  is  the  ionization  potential  of  the  nitrogen 
atom21  (14.5342  eV).  The  energy  of  X  'If  (it  =0)  can  be 
independently  determined  from  the  present  measurements. 
Photodissociation  in  the  a;  band  produced  photofrag¬ 
ments  with  center-of-mass  kinetic  energies  of  7.3 ±0.2  eV. 
Since,  from  Table  II,  the  predissociated  level  lies  2.5338 
eV  above  X  'if  (v  =0),  the  energy  of  X  'if  (u  =0)  rela¬ 
tive  to  the  N+  +  N+  limit  must  be  the  difference  between 
these  two  energies,  or  U0  =  4.8±0.2  eV.  Inversion  of  Eq. 
(3)  using  this  value  of  U0  yields  the  appearance  potential 
for  N^  X  'If  (t>  =0)  to  be  43.6±0.2  eV. 

Agreement  between  these  two  values  for  U0  is  only 
marginally  good,  they  fall  together  just  within  the  range  of 
each  set  of  error  limits.  This  may  suggest  that  the  lowest 
energy  state  appearing  in  the  Auger  spectrum  (or  formed 
by  electron  impact)  is  not  the  X  'If  state,  but  another 
state  which  lies  0.0  to  1.2  eV  lower  in  energy.  Indeed,  the 
self-consistent-field  (SCF)  calculations  of  Cobb  et  al." 
show  the  3If  state  to  lie  0.6  eV  below  the  !2jT.  Unfor¬ 
tunately,  the  errors  associated  with  the  observations  are 
too  large  to  provide  definitive  information  on  the  actual 
location  of  the  N22+  triplet  states.  Nevertheless,  we  retain 
the  currently  accepted20  label  X,  for  the  lowest  singlet  state 
ofN22+l2~. 

Using  our  value  for  U0  together  with  the  vibrational 
and  rotational  constants,  the  Rydberg-Klein-Rees  'RKR) 
potential  curve  for  the  'If  state  was  constructed25  and  is 
shown  by  the  lower  solid  curve  in  Fig.  5.  The  energies  of 
the  three  observed  vibrational  levels  of  the  ‘nu  state  rela¬ 
tive  to  X'lf  ( t;  =  0 )  are  listed  in  Table  II.  The  second 
difference  of  these  energies  yields  an  anharmonicitv  for 
these  levels  of  coex,  =40. 8±  1.9  cm-1.  The  vibrational 
numbering  of  the  levels  cannot  be  established  from  these 
data  alone;  hence  o>,  and  the  potential  curve  cannot  be 
directly  determined. 

VI.  IDENTIFICATION  OF  THE  ELECTRONIC 
STATES 

Assignment  of  the  observed  absorption  bands  to  specific 
states  of  N2"+  requires  the  use  of  theoretical  calculations 
of  this  structure  of  the  ion.  Experimentally,  we  know  that 
the  transitions  in  the  a  bands  must  be  either  ’ll,,—'!*  or 
'II*— '2“.  We  further  know  that  the  absorbing  levels  of 
the  'I  lower  state  lie  4.8±0.2  eV  above  the  N*  -+-N’  dis¬ 
sociation  limit. 

There  have  been  two  detailed  ab  initio  calculations  of 
the  lower  electronic  states  of  N;:  +  .  The  configuration- 
interaction  calculations  of  Thulstrup  and  Andersen24  (TA' 
encompassed  all  of  the  bound  singlet  states  lying  within  10 
eV  of  the  ground  state  and  the  six  lowest  bound  triplet 
states.  They  predict  the  ground  state  to  be  the  If  and 
that  no  bound  ‘I~  states  lie  within  this  energy  range. 
Their  calculations  extend  only  to  about  6o,,;  hence,  the  en¬ 
ergy  of  these  states  relative  to  the  dissociation  limit  is  not 
given  directly.  However,  at  these  large  intemuclear  dis¬ 
tances,  the  force  between  the  two  N*  ions  is  almost  purely 
Coulombic.  Hence,  using  the  expression  for  Coulomb 
repulsion  between  two  point  charges  I'ti  =  i  14.40 
eVi/r  At,  we  can  normalize  their  curves  to  an  absolute  en- 
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ergy  scale  at  a  single  large  intemuclear  distance.  These 
normalized  curves  for  the  and  1  n„  states  are  shown 
by  the  lower  and  upper  dashed  curves,  respectively,  in  Fig. 
5. 

We  can  also  compare  with  the  unrestricted  SCF  calcula¬ 
tions  of  Cobb,  Moran,  Borkman,  and  Childs  (CMBC).22 
They  too  predict  the  '2f  state  to  be  the  lowest  singlet 
state,  but  find  this  state  to  lie  3.0  eV  above  the  N+  +  N  + 
dissocation  limit  with  an  equilibrium  intemuclear  separa¬ 
tion  of  1.259  A  and  vibrational  constants  o,  =  1674  cm"1, 
<vtxt=20.l  cm-1.  Finally,  comparison  can  be  made  with 
the  semiempirical  calculations  of  Hurley  and  Maslen 
(HM).15  Their  technique  uses  an  integral  form  of  the 
quantum-mechanical  virial  theorem  to  deduce  potential 
curves  of  doubly  charged  ions  from  those  of  the  isoelec- 
tronic  neutral  molecule,  in  this  case,  C2.  Using  the  most 
recent  constants  for  this  molecule,20  we  find  that  the 
minimum  of  the  '2^  curve  predicted  by  HM  lies  3.8  eV 
above  the  N+  +  N+  limit  with  an  equilibrium  intemuclear 
distance  of  1.017  A  and  the  vibrational  constants 
u>t  =  1787  cm-1,  cotxt  =  35.5  cm-1  for  the  lowest  vibra¬ 
tional  levels. 

Thus  both  the  CMBC  and  HM  calculations  predict  the 
state  to  lie  lower  in  energy  with  somewhat  wider  po¬ 
tential  wells  than  is  experimentally  observed.  On  the  other 
hand,  agreement  between  the  TA  potential  curve  and  the 
experimental  curve  is  remarkably  good.  The  two 
curves  have  nearly  the  same  energies  and  potential-well 
shapes,  although  the  theoretical  curve  lies  at  slightly  larger 
intemuclear  distances. 

Agreement  between  the  theoretical  potential  curves  for 
the  'll.  state  and  the  observed  upper-state  levels  is  less 
favorable.  The  TA  ‘n*  curve  is  shown  as  the  upper  tong- 
dashed  curve  in  Fig.  5.  Numerical  solution  of  the 
Schrodinger  equation  using  the  program  of  LeRoy25  yield¬ 
ed  four  vibrational  levels  for  this  potential  curve  with  the 
highest  level  lying  7.94  eV  above  the  N++N  +  dissocia¬ 
tion  limit.  The  three  highest  levels  were  found  to  predis¬ 
sociate  efficiently  by  tunneling  through  the  Coulombic 
barrier  with  lifetimes  ranging  from  10-7  to  10“ 13  s.  The 
calculated  spacing  of  the  levels  was  AG05  =  1347, 
AG|  5  =  1190,  and  AG2J=920  cm-1,  giving  an  apparent 
anharmonicity  constant  for  the  highest  levels  of 
to,x,  =  135  cm-1.  If  we  assume  the  observed  levels  corre¬ 
spond  to  u  =  1,2,3,  an  RKR  potential  curve  for  the  'nu 
state  can  be  generated  and  is  shown  as  the  upper  solid 
curve  in  Fig.  5. 

The  'n„  curve  predicted  by  the  HM  calculation  is  sub¬ 
stantially  deeper  than  the  TA  curve  with  an  Rt  =  1.095  A. 
Numerical  solution  of  the  Schrodinger  equation  for  this 
curve  yields  ten  vibrational  levels  with  the  highest  level 
6.20  eV  above  N+  -f-N+.  Only  the  two  highest  levels  are 
found  to  predissociate  efficiently  with  lifetimes  of 
r,=  1.5xlO-7  and  t\,  =  2.  1  X  10“"  s.  The  calculated 
spacings  of  the  levels  is  AGts=823  cm"'  and 
A G,  5=709  cm-1,  yielding  an  apparent  anharmonicity  of 
<o,x,=  57  cm-1.  The  CMBC  'nu  curve  is  deeper  yet, 
with  its  minimum  only  3.5  eV  above  the  dissociation 
asymptote  and  an  rt  —  1.1906  A.  The  calculated  curve 
does  not  extend  over  sufficient  range  of  intemuclear  dis¬ 
tance  to  calculate  the  maximum  number  of  vibrational 
levels  supported  in  the  well  or  their  predissociation  life¬ 
times.  The  well  depth  implies,  however,  that  the  number 


of  levels  is  substantially  greater  than  ten. 

For  comparison,  we  have  calculated  the  RKR  potential 
well  for  the  'nu  state  assuming  that  the  vibrational  quan¬ 
tum  numbers  of  the  observed  levels  is  v  =6,7,8.  This  is 
shown  as  the  short-dashed  curve  in  Fig.  5.  As  can  be  seen 
from  the  figure,  the  predicted  potential  well  changes 
dramatically  with  the  choice  of  vibrational  numbering. 
Unfortunately,  there  is  yet  no  clear  choice  of  which  vibra¬ 
tional  numbering  scheme  to  select  for  the  'n„.  The  ener¬ 
gies,  level  spacings,  and  rotational  constants  of  the  ob¬ 
served  levels  agree  best  with  those  of  the  TA  potential 
curve,  suggesting  the  solid  RKR  curve  is  the  better  repre¬ 
sentation  of  this  state.  However,  the  'nu  —  'if  Franck- 
Condon  factors  obtained  using  this  curve  would  predict 
the  a  bands  to  have  nearly  equal  intensities,  whereas  they 
actually  differ  by  more  than  an  order  of  magnitude.  This 
is  more  consistent  with  what  is  predicted  from  the  dashed 
RKR  curve.  Consequently,  we  cannot  determine  the  vi¬ 
brational  numbering  of  the  observed  levels  lacking  addi¬ 
tional  observations  on  an  isotopic  molecule.  We  can,  how¬ 
ever,  conclude  that  our  identification  of  the  upper  state  as 
the  >nu  is  fully  consistent  with  theoretical  predictions. 

VII.  PREDISSOCIATION  MECHANISM 

We  know  from  the  difference  in  the  number  of  branches 
appearing  in  the  a  and  0  bands  that  the  'n„  state  is 
predissociated  by  at  least  two  mechanisms.  Numerical 
calculations  for  the  theoretical  potential  curves  for  this 
state  show  that  the  two  or  three  highest  vibrational  levels 
in  this  state  can  predissociate  efficiently  by  tunneling 
through  the  Coulombic  barrier.  This  mechanism  most 
likely  produces  the  photodissociation  arising  from  the  a 
bands,  which  access  the  two  highest  of  the  three  observed 
vibrational  levels  and  results  in  predissociation  of  all  rota¬ 
tional  levels.  The  linewidths  measured  for  transitions  into 
the  lower  rotational  levels  of  the  highest  vibrational  level 
set  a  lower  limit  on  the  lifetimes  of  this  level  of  greater 
than  1.6  X  10“ 10  s.  This  compares  favorably  with  the  ex¬ 
pected  lifetimes  of  the  highest  level  in  the  'n„  state 
predicted  by  the  HM  calculation  of  2.1xl0~ 11  s.  The 
calculated  lifetime  of  v=3  in  the  TA  potential  curve  is 
only  1.0X  10“ 13  s;  transitions  into  such  a  level  would  have 
linewidths  of  52  cm-1,  hence  they  would  appear  only  as  a 
continuum  in  the  photofragment  spectrum.  The  next 
lower  vibrational  level  v=2,  however,  has  a  calculated 
lifetime  of  2.9  x  10“ 10  s,  which  is  more  consistent  with  the 
experimental  limit. 

The  v  =0  level  in  the  TA  potential  and  the  v  =7  level  in 
the  HM  potential,  have  lifetimes  much  too  long 
( 1 .3 >  10“-  and  3.4  X  10“J  s.  respectively!  to  dissociate  hy 
tunneling.  Hence,  another  mechanism  must  be  responsible 
for  predissociation  of  this  level.  Indeed,  only  2-branch 
transitions  are  observed  in  the  0  bands,  which  access  this 
level.  These  transitions  populate  only  the  /  components  in 
the  ‘n„  state,  whereas  the  unobserved  P-  and  R-branch 
transitions  would  populate  the  e  component.  Thus,  a 
mechanism  which  selectively  predissociates  only  the  / 
components  must  be  found.  Of  the  18  electronic  states 
arising  from  the  N*  3/>-rN+  }P asymptote,  only  rotational 
coupling  to  the  state  could  selectively  predissociate"'’ 
the  /components  of  the  IIU.  The  potential  curve  for  this 
state  has  not  been  calculated  for  N:2*,  nor  has  it  been  ex- 
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perimentally  observed  in  C2.  However,  using  the  theoreti¬ 
cal  C2  curve  from  Fougere  and  Nesbet,27  the  curve  can  be 
transformed  using  the  method  of  Hurley  and  Maslen15  and 
is  shown  as  the  dotted  curve  in  Fig.  5.  It  can  be  seen  that 
the  continuum  of  this  state  passes  directly  through  the  ob¬ 
served  level,  hence  efficient  coupling  between  the  ‘n,  and 
lXu  states  should  be  feasible.  Further,  since  the  magni¬ 
tude  of  the  coupling  scales  with  rotation  of  the  molecule, 
this  could  account  for  the  apparent  lack  of  low-7  transi¬ 
tions  in  the  0  bands. 

Finally,  we  must  consider  the  y  bands  which  consist  of 
only  a  few  isolated  rotational  levels.  If  these  bands  ac¬ 
cessed  the  (o'  —  3 )  level  of  the  'nu  state,  predissociation 
might  result  from  perturbations  of  this  level  by  other 
bound  states,  which  are  themselves  predissociated.  In  that 
case,  only  those  levels  would  appear  in  the  spectra  which 
accidentally  have  energies  similar  to  the  corresponding  ro¬ 
tational  levels  of  the  perturbing  state.  Assignment  of 
these  bands  to  the  1  flu  state  is  only  speculative,  since  we 
would  expect  the  'IJ"  to  also  predissociate  this  level  unless 
its  vibrational  overlap  were  accidentally  very  small. 

VIII.  SUMMARY 

Photodissociation  of  N22  +  yields  a  series  of  structured 
bands  in  the  photon-energy  dependence  for  the  production 
of  N+  fragments.  Rotational  analysis  of  five  of  the  bands, 
and  comparison  with  both  electronic  structure  calculations 
and  lines  previously  observed  in  the  emission  spectrum  of 
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this  ion,  establish  the  absorptions  as  occurring  from 
X'X*  (u  =0,1,2)  into  three  predissociated  levels  of  the 
1  'll*  state.  The  two  highest  levels  of  this  state  are  be¬ 
lieved  to  predissociate  by  tunneling  through  the  Coulom- 
bic  barrier  in  its  potential  energy  curve.  In  contrast,  the 
lowest  of  the  three  levels  is  found  to  be  predissociated  by 
the  l'lj-  state.  Molecular  constants  are  determined  for 
both  the  X'Xg  and  1  'nu  states  and  the  potential-energy 
curve  of  the  X  state  is  constructed.  The  lack  of  vibration¬ 
al  identification  of  the  !nu  levels  prevents  a  unique  con¬ 
struction  of  its  potential  energy  curve.  Comparison  is 
made  for  both  states  with  the  potential  energy-curves  cal¬ 
culated  by  two  ab  initio  methods  and  one  semiempirical 
method.  Best  agreement  is  observed  with  the  calculations 
of  Thulstrup  and  Andersen.24  Kinetic-energy  analysis  of 
the  N'*'  photofragments  places  the  X  '1g  state  and  the 
predissociated  levels  of  the  1 1 II „  state  on  an  absolute  ener¬ 
gy  scale.  Comparison  with  the  accepted  experimental 
values  of  theN22^  appearance  potential  suggests  that  the 
X  'Xg  may  not  be  the  lowest  energy  state  of  this  ion. 


ACKNOWLEDGMENTS 

This  research  was  supported  by  the  U.  S.  Air  Force  Of¬ 
fice  of  Scientific  Research  and  by  National  Science  Foun¬ 
dation  Grant  No.  PHY-81-12548.  One  of  us  (R.M.)  ac¬ 
knowledges  partial  support  from  the  Studienstiftung  des 
Deutschen  Volkes. 


(1971). 

!5A.  C.  Hurley  and  V.  W.  Maslen.  J.  Chem.  Phys.  54,  19)Q 
(1961);  A.  C.  Hurley,  J.  Mol.  Spectrosc.  9,  18  (1962). 

I6P.  K.  Carroll.  Can.  J.  Phys.  26-  1585  (1958';  P.  K.  Carroll  and 
A.  C.  Hurley,  J.  Chem.  Phys.  25,  2247  (1961). 

I7B.  A.  Huber,  T.  M.  Miller,  P.  C.  Cosby,  H.  D.  Zeman.  R.  L. 
Leon,  J.  T.  Moseley,  and  J.  R.  Peterson,  Rev.  Sci.  Instrum. 
46,  1306  (1977). 

18G.  Herzberg,  Molecular  Spectra  and  Molecular  Structure  I. 
Spectra  of  Diatomic  Molecules  'Van  Nostrand  Reinhoid.  New 
York,  1950). 

I9R.  N.  Zare,  A.  L.  Schmeltekopf,  W.  J.  Harrop,  and  D.  L.  Al¬ 
britton.  J  Mol.  Spectrosc  46,37(1973). 

2t)K.  P.  Huber  and  G.  Herzberg,  Molecular  Spectra  and  Molecu¬ 
lar  Structure  IV.  Constants  of  Diatomic  Molecules  (Van  Nos¬ 
trand  Reinhoid,  New  York,  19791. 

2IC.  E.  Moore,  Ionization  Potentials  and  Ionization  Limits  De¬ 
rived  from  the  Analysis  of  Optical  Spectra.  Natl.  Stand.  Ref. 
Data  Ser.,  Nall.  Bur.  Stand.  U.  S.  Circ.  No.  34  (19701. 

2:M.  Cobb,  T.  F.  Moran,  R.  F.  Borkman,  and  R.  Childs.  J. 

Chem.  Phys.  22,  4463  (1980). 

2JR.  N.  Zare,  J.  Chem.  Phys.  4Q,  1934  (1964). 

24E.  W.  Thulstrup  and  A.  Andersen.  J.  Phys.  B  8.  965  ( 19~5 
:5R.  J.  LeRov,  University  of  Waterloo  Chemical  Physics 
Research  Report  No.  CP-1 10  (unpublished). 

‘"I.  Kovacs.  Rotational  Structure  in  the  Spectra  of  Diatomic 
Molecules  (American  Elsevier,  New  York,  1969'.  p.  253. 

27P.  F.  Fougere  and  R.  K.  Nesbet,  J.  Chem.  Phys.  44,  285 
(19661. 


A-7 


V-  s'.-sVx*.V.V.V.  tyY-.y^VJ’wC' «•/»*•- 


Laser  photofragment  spectroscopy  of  NO  .  I. 
Predissociation  of  the  2  3n  statea) 

P.  C.  Cosby  and  H.  Helm 

Molecular  Physics  Laboratory,  SRI  International,  Menlo  Park,  California  94025 
(Received  3  April  1981;  accepted  2  July  1981) 

NO '  ions,  produced  by  electron  impact  on  NO,  are  observed  to  predissociate  into  O'I'S0)  •+■  NFS0)  when 
irradiated  by  a  dye  laser  at  wavelengths  between  6600-5650  A.  The  highly  structured  wavelength  dependence 
of  the  photofragments  reflects  absorptions  from  three  vibrational  levels  in  a  long-lived  NO*  electronic  state  to 
20  vibrational  levels  of  a  predissociated  electronic  state.  The  transitions  are  tentatively  identified  as 
2  J/7(t)'  =  0-19H— 6'  '2  -|i>*  =  8-10).  The  weakly  bound  2  II  state  is  found  to  lie  0.698-0.925  eV  above  the 
lowest  separated  atom  limit  of  NO*  and  to  adiabatically  correlate  to  the  N*(J/“)  +  Oi'P)  limit.  This  state  is 
also  found  to  be  homogeneously  perturbed,  most  likely  by  the  'll  state  arising  from  the  O*('S0)  +  NI!Z>°) 
limit,  and  to  be  predissociated  by  the  a  '2  *  state.  The  predissociation  lifetimes  for  all  rotational  levels  in 


u'  =  0-8  are  >  1.6  ns.  Perturbations  mb'  'I  *(u  =  9)  are  discussed. 

I.  INTRODUCTION 

Because  of  its  exceptionally  low  heat  of  formation, 

NO*  is  the  most  abundant  chemical  species  in  the  ther¬ 
mosphere  and  is  a  key  reactant  at  lower  altitudes. 1-3 
Yet,  in  contrast  to  its  isoelectronic  neutral  analog  Nj, 
very  little  spectroscopic  information  has  been  obtained 
on  the  electronic  structure  of  NO*.  Only  the  A  4n  -  X  * 
Miescher-Baer  bands4  have  been  identified  in  a  nitric 
oxide  gas  discharge.  They  are  also  the  only  emission 
bands  that  have  been  rotationally  analyzed. 5-7  Two  addi¬ 
tional  band  systems  attributed  to  b'3Z'~XlZ'  and  b  3n 
-XlZ*  have  been  observed  at  low  resolution  in  the  fluo¬ 
rescence  from  an  NO*  ion  beam. 7,8  Nevertheless,  a 
relatively  complete  description  of  eight  low-lying  elec¬ 
tronic  states  of  NO*  has  emerged  from  the  combination 
of  these  measurements  with  electronic  structure  calcu¬ 
lations3-11  and  the  photoelectron  spectroscopy  of  NO.12 
Current  knowledge  of  these  states  has  recently  been  re¬ 
viewed  by  Albritton,  Schmeltekopf,  and  Zare13  who  de¬ 
rived  the  NO*  potential  energy  curves  shown  in  Fig.  1. 

Experimental  information  on  electronic  states  above 
the  lowest  dissociation  limit  0*(4S°)  +  N(4S°)  is  only  frag¬ 
mentary.  Theoretical  calculations  by  Michels11  predict 
twelve  additional  bound  states  to  lie  within  24  eV  of  the 
NOX2II  ground  state.  Only  two  prominent  features  are 
observed  by  photoelectron  spectroscopy  above  the  low¬ 
est  dissociation  limit. 12  They  refer  to  bound  states  at 
21.72  and  22.  7  eV.  Photoabsorption, 14,15  photodissocia- 
tlve  ionization, 15,18  and  photoelectron-photoion  coinci¬ 
dence17  spectroscopy  of  NO,  together  with  studies  of  the 
spontaneous18-20  and  collisional  dissociation20-22  of  NO*, 
have  also  probed  the  NO*  electronic  states  in  this  re¬ 
gion,  but  none  of  these  techniques  has  achieved  suffi¬ 
cient  resolution  to  permit  state  identifications. 

We  report  here  the  initial  application  of  predissocia¬ 
tion  photofragment  spectroscopy  to  the  investigation  of 
NO*  excited  states.  This  technique  allows  the  first  ob¬ 
servation  of  bound-bound  absorption  transitions  in  NO*. 
The  transitions  are  pumped  by  a  laser  and  are  detected 
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by  observing  the  subsequent  predissociation  of  the  upper 
electronic  state  to  0*(4S°)  ^N(4S°)  products.  Measure¬ 
ment  of  the  kinetic  energies  of  these  photofragments  es¬ 
tablishes  the  absolute  energy  locations  of  both  the  (lower) 
absorbing  and  (upper)  predissociating  states  with  re¬ 
spect  to  this  lowest  separated  atom  limit  of  NO*.  The 
transitions  are  attributed  to  2  3n(t/  =  0-19)-  b'3~(v" 

=  8,9, 10).  Vibrational  analysis  of  the  absorption  bands 
indicates  the  2  3n  state  correlates  to  the  N*(3P)  +  oCp) 
separated  atom  limit  and  exhibits  a  shallow  well  (D0 
s  0.21  eV)  at  an  internuclear  distance  near  1.7  A. 

Abrupt  changes  observed  in  the  vibrational  spacings  sug¬ 
gest  this  state  is  homogeneously  perturbed.  Portions  of 
the  spectra  are  observed  with  sub-Doppler  resolution 
allowing  complete  resolution  of  a  complex  rotational 
structure  which  could  not  yet  be  assigned.  The  absorp¬ 
tion  linewidths  yield  a  predissociation  lifetime  of  »  1 . 6 
x  10'9  s  for  the  lower  vibrational  levels  of  the  23n  state. 

II.  EXPERIMENTAL  METHOD 

The  apparatus  used  in  the  present  study  has  been  de¬ 
scribed  in  detail  elsewhere, 23  as  has  its  application  to 
the  high  resolution  spectroscopy  of  molecular  ions.24 
Briefly,  the  beam  from  a  tunable  cw  dye  laser  is  made 
coaxial  with  a  fast  ion  beam  of  NO*  over  an  interaction 
length  of  about  60  cm.  The  NO*  ions  are  produced  by 
electron  impact  ionization  of  NO  in  a  high  pressure  ion 
source  (0.5  Torr,  -100  eV  electron  energy).  The  ions 
are  accelerated  to  typically  4000  eV,  mass  selected, 
collimated,  and  merged  with  the  laser  beam.  If  an  ab¬ 
sorption  of  photons  occurs  which  results  in  photodisso¬ 
ciation,  the  photofragments  N*  or  O*  which  are  ejected 
perpendicular  to  the  direction  of  laser  polarization  are 
detected  after  kinetic  energy  analysis.  The  time  inter¬ 
val  between  formation  of  the  NO*  ions  in  the  source  and 
their  irradiation  by  the  laser  is  estimated  to  be  between 
12-30  ps,  the  principal  uncertainty  in  this  estimate 
being  the  residence  time  of  the  ions  in  the  source. 

Most  of  the  spectra  reported  here  were  obtained  with 
the  dye  laser  operating  multimode  at  a  bandwidth  of 
approximately  1  cm*1  and  irradiating  the  NO*  ion  beam 
within  the  cavity  of  the  laser.  The  advantage  of  high 
photon  flux  obtained  using  this  technique  is  partially  off- 
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FIG.  1.  Potential  energy 
curves  for  the  experimentally 
observed  electronic  states  of 
NO*  given  by  Ref.  13.  The  ac¬ 
curacy  of  the  individual  curves 
varies — see  Ref.  13.  Unob¬ 
served  states  are  listed  at 
their  expected  separated  atom 
limits.  The  potential  curves 
for  the  2'n  and  2 3n  states  are 
the  adiabatic  curves  calculated 
by  Ref.  10;  the  a  s£*  is  that  of 
Ref.  11. 
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set  by  the  doubling  of  each  absorption  transition  by  the 
opposite  Doppler  shifts  produced  by  photons  propagating 
parallel  and  antiparallel  to  the  ion  beam  velocity.  Scans 
of  the  dye  laser  wavelength  were  made  over  the  range  of 
6600-5650  A  for  various  settings  of  the  energy  analyzer 
to  detect  either  N*  or  O*  photofragments  produced  with 
center -of-mass  separation  energies  (IP)  between  0  and 
1  eV.  More  limited  scans  were  made  using  the  extra¬ 
cavity  beam  of  the  laser  to  irradiate  the  ion  beam.  In 
this  case  only  a  single  Doppler  component  is  observed, 
but  at  a  substantially  reduced  signal  to  noise  ratio. 

Portions  of  the  spectra  were  obtained  using  the  extra  - 
cavity  beam  of  a  single-mode  ring  dye  laser  having  a 
bandwidth  of  ±25  MHz  (0.0008  cm'1).  The  laser  was 
scanned  over  wave  number  ranges  of  -  1. 5  cm'1  by  ptezo- 
electrically  tuning  an  intracavity  etalon  while  modulat¬ 
ing  the  laser  cavity  length  to  obtain  a  pseudohomogeneous 
distribution  of  laser  frequencies  between  its  100  MHz 
cavity  mode  spacing.  The  procedure  increased  the  ef¬ 
fective  bandwidth  of  the  laser  to  between  50-100  MHz. 

A  substantially  smaller  bandwidth  could  be  achieved  by 
fixing  the  laser  frequency  and  velocity  tuning  the  ion 
beam.  However,  this  necessitated  a  more  limited  wave¬ 
length  coverage  than  was  required  in  the  present  study . 
The  total  apparatus  produced  llnewidth  of  an  absorption 
is  the  convolution  of  the  laser  bandwidth  with  the  Doppler 


width  of  the  transition  due  to  the  finite  velocity  spread 
in  the  NO*  ion  beam.  The  coaxial  arrangement  of  the 
laser  and  ion  beams  together  with  the  use  of  relatively 
high  ion  beam  kinetic  energies  reduces  this  Doppler  con¬ 
tribution  to  <100  MHz. 

During  the  course  of  these  measurements,  the  pre¬ 
viously  reported"-*0  metastable  decomposition  (sponta¬ 
neous  predissociation)  of  NO*  was  observed  to  produce 
O*  fragments  with  IP  =  50,  140,  220,  300,  and  370  meV. 
This  fragmentation  is  not  influenced  by  laser  irradiation 
at  wavelengths  between  6600-5650  A.  No  higher  energy 
O*  fragments  and  no  N*  fragments  arising  from  meta¬ 
stable  decomposition  were  detected.  It  should  be  noted 
that  the  weak  features  observed  at  IP  =  95  and  181  meV 
in  the  kinetic  energy  spectra  of  Govers  and  Schopman" 
did  not  appear  in  the  present  measurements,  probably 
reflecting  the  difference  in  ion  sources  and  flight  times 
between  the  two  experiments. 

In  addition,  no  direct  photodissociation  processes 
(bound-free  transitions),  arising  from  perpendicular 
transitions  to  repulsive  NO*  states  were  observed  be¬ 
tween  6600-5650  A.  The  direct  dissociation  of  NO*  to 
N*,  which  has  been  observed*5  in  a  parallel  transition  at 
an  unspecified  argon  ion  laser  wavelength,  was  not  in¬ 
vestigated  here. 
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FIG.  2.  Low  resolution  (~  1  A)  wavelength  dependence  for  the 
production  of  O*  photofragments  with  various  center-of-mass 
kinetic  energies  (W).  The  NO*  ions  were  irradiated  in  the 
laser  cavity;  each  absorption  appears  4s  a  Doppler  doublet 
separated  by  ~  5  A. 


III.  OBSERVED  SPECTRA 

More  than  40  NO*  absorption  bands  are  observed  be¬ 
tween  6600-5650  A  which  produce  O*  photofragments 
with  W  in  the  range  of  0-900  meV  and  N*  photofragments 
with  W  in  the  range  of  0-600  meV.  The  most  prominent 
band  system  produced  O*  photofragments  with  W  between 
698-925  meV.  Only  this  predissociation  band  system 
will  be  discussed  in  the  present  paper. 

The  wavelength  dependence  for  the  production  of  O* 
photofragments  between  6500-5750  A  with  various 
center-of-mass  separation  energies  (WO  is  shown  in 
Fig.  2.  The  data  were  obtained  intracavity;  the  Doppler 
doublets  are  separated  by  -  5  A  at  6000  A.  Two  promi¬ 
nent  vibrational  progressions  appear  in  this  wavelength 
range.  For  the  purpose  of  discussion,  the  members  of 
these  progressions  are  labeled  ato-dt,  and  The 

reason  for  this  choice  of  subscripts  will  become  ap¬ 
parent. 

The  variation  of  photofragment  separation  energy  with 


wavelength  is  an  important  factor  for  the  identification 
of  the  spectra.  If  we  follow  any  given  band  in  Fig.  2, 
we  observe  a  maximum  intensity  at  a  particular  setting 
of  the  energy  analyzer.  For  example,  bands  a,  and  ,3, 
are  observed  with  maximum  intensity  in  the  W~  711  meV 
spectrum.  A  composite  spectrum  of  the  two  band  pro¬ 
gressions  which  reflects  the  absorption  strengths  of  the 
transitions  rather  than  the  kinetic  energy  distributions 
of  the  resulting  photofragments  may  be  constructed  by 
piecing  together  wavelength  scans  at  the  optimum  energy 
analyzer  setting  of  each  band.  Such  a  spectrum  is  shown 
in  Fig.  3  for  the  wavelength  range  of  6600-5650  A. 

More  detailed  information  on  the  photofragment  sepa¬ 
ration  energies  is  obtained  by  setting  the  laser  to  a  fixed 
wavelength  within  each  band  and  scanning  the  energy 
analyzer.  The  value  of  W  observed  in  each  of  the  bands 
is  given  in  Table  I  together  with  the  photon  energy  of  the 
transitions  ( G„ It  can  be  seen  that  within  each  of 
the  progressions  a  and  3,  the  variation  in  W  from  one 
band  to  the  next  corresponds  directly  to  the  photon  en¬ 
ergy  difference  of  the  bands  AG„, .  We  may  therefore 
conclude  that  progression  a  involves  transitions  from 
one  vibrational  level  of  the  absorbing  state  to  11  closely - 
spaced  vibrational  levels  in  the  upper  electronic  state 
which  predissociate.  In  addition,  bands  j30-d5  have  the 
same  values  of  W  and  A as  bands  a,-as  in  the  pro¬ 
gression  at  higher  photon  energy.  This  demonstrates 
that  both  progressions  share  the  same  upper  state  vi¬ 
brational  levels.  The  relative  numbering  of  these  levels 
is  given  by  the  subscripts  in  the  band  designations. 

The  energies  of  the  absorbing  levels  in  the  lower 
electronic  state,  relative  to  the  O*  +N  limit  produced  by 
the  photodissociation,  are  obtained  by  subtracting  the 
transition  energy  G„._  .  for  each  band  from  the  photo- 
fragment  kinetic  energy  W  observed  in  the  band.  These 
values  are  listed  in  the  last  column  of  Table  I.  It  can 
be  seen  that  the  a  bands  arise  from  a  vibrational  level 
of  1.323  eV  below  the  separated  atom  limit  whereas  the 
8  bands  originate  in  a  higher  vibrational  level  located 
1. 187  eV  below  this  limit.  The  similarity  in  the  rota¬ 
tional  structure  of  the  a  and  3  bands  suggests  that  each 
progression  originates  from  the  same  lower  electronic 
state. 

In  addition  to  these  two  strong  progressions,  two 
weaker  progressions  produce  O*  photofragments  with 
center-of-mass  kinetic  energies  between  830-925  meV. 
These  transitions,  labeled  y  and  6,  in  Fig.  4  appear  at 
wavelengths  between  6134-5914  A  and  63  79  -62  68  A, 
respectively.  It  is  clear  from  the  W -G„.t>,.  values  in 
Table  I  that  the  y  bands  originate  from  the  same  lower 
vibrational  level  as  the  3  bands,  but  access  higher  vi¬ 
brational  levels  in  the  predissociated  upper  state.  The 
6  bands,  on  the  other  hand,  originate  from  a  third, 
higher  vibrational  level  in  the  absorbing  electronic  state. 
The  values  of  W,  together  with  the  upper  state  vibra¬ 
tional  spacings,  show  that  the  pairs  of  bands  as  and  y,, 
a,  and  y9,  as  well  as  o,0  and  yla  each  share  the  same 
upper  state  vibrational  levels.  Similarly,  the  four  pairs 
of  bands  y13-6,3  through  Vts  — also  share  common 
upper  state  vibrational  levels.  Thus,  three  absorbing 
vibrational  levels  in  an  upper  electronic  state  are  ob- 
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are  13; HJ*  eV.  The  relative  uncertainty  between  measurements  is  about  a  factor  of  two  smaller. 
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*  Parentheses  denote  values  especially  uncertain  because  spectral  features  were  weak  or  poorlv  de¬ 
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FIG.  4.  Moderate  resolution  (~  1  cm’1),  intracavity  spectra  of 
the  >  and  6  bands.  The  center-of-mass  kinetic  energies  of  the 
collected  O*  photofragments  increases  linearly  with  photon  en¬ 
ergy  from  0. 85  to  0.  94  eV  in  the  upper  spectrum  and  from  0.  81 
to  0.  92  eV  in  the  lower  spectrum. 


served  in  the  6600-5650  A  wavelength  region. 

Band  a,  and  portions  of  bands  a0-a3  were  investigated 
at  high  resolution.  A  0.  5  A  segment  of  band  a  j  is  shown 
in  Fig.  5.  The  transition  linewidths  observed  here,  as 
well  as  in  the  other  bands,  are  -100  MHz,  correspond¬ 
ing  to  the  apparatus-induced  linewidth.  This  places  a 
lower  limit  on  the  predissociation  lifetime  of  the  upper 
electronic  state  of  Tt9  1.6x  10*9  s.  The  high  resolution 
spectrum  of  band  a2  was  found  to  consist  of  more  than 
280  resolved  transitions  having  no  discernible  pattern 
other  than  an  apparent  clustering  of  rotational  lines  into 
three  groups  separated  by  approximately  10-12  cm’1. 

It  should  be  noted  that  the  intensity  of  the  transitions 
detected  is  dependent  on  the  photofragment  angular  dis¬ 
tributions,  which  vary2®  with  both  J  and  XJ.  Rotational 
analysis  of  this  spectrum  has  not  yet  been  possible,  but 
even  without  it  we  are  able  to  identify  the  observed 
transitions  primarily  on  the  basis  of  the  measured  pho¬ 
tofragment  separation  energies,  as  discussed  in  the 
following  sections. 


IV.  DISCUSSION 

A.  Identification  of  the  lower  electronic  state 

The  locations  of  the  three  absorbing  vibrational  levels 
in  the  lower  electronic  state  below  the  O*  separated 
atom  limit  are  directly  given  by  the  W  -Gv.^.  values 
listed  in  Table  I.  The  energies  of  these  levels  averaged 
over  the  a,  /3,  y,  and  5  bands  are  -  1. 323  1 0.  002, 

-  1. 187  ±0. 005,  and  -  1. 055  ±  0.  005  eV.  The  error 
limits  here  refer  only  to  the  relative  uncertainties  in  the 
measurement  of  W.  An  absolute  uncertainty  of  eV 
in  the  W  measurement  is  the  actual  accuracy  with  which 
the  absolute  energy  of  this  group  of  three  levels  can  be 
established.27 

The  separation  of  the  lower  state  vibrational  levels 
can  be  more  precisely  determined  from  the  photon  en¬ 
ergy  difference  of  bands  terminating  in  the  same  upper 
stafe  vibrational  levels.  These  separations  are  given 
as  AG„,,  in  Table  I.  Average  values  of  AGV..  =1098  ±6 
cm*1  and  aG^,(1  =  1036  ±  6  cm*1  from  the  four  progres¬ 
sions  each  contain  an  unknown  error  due  to  our  use  of 
band  centers  rather  than  band  origins,  in  the  absence  of 
a  rotational  analysis.  This  error  is  manifested  by  the 
small,  but  statistically  significant,  decrease  in  AG„.. 
with  increasing  upper  state  vibrational  level.  The  mag¬ 
nitude  of  the  error  introduced  by  the  use  of  band  centers, 
however,  is  not  likely  to  exceed  6  cm*1;  measurements 
of  these  band  separations  from  other  locations  within  the 
rotational  envelopes  of  the  bands  give  values  for  the 
lower  state  vibrational  spacings  which  agree  with  the 
band-center  values  to  within  the  stated  precisions. 

Although  the  measurement  of  photofragment  kinetic 
energies  establishes  the  location  of  the  lower  state  vi¬ 
brational  levels  with  respect  to  O*  +  N,  the  electronic 
states  of  the  photofragments  must  be  deduced  indirectly . 
If  the  predissociation  leads  to  the  lowest  separated  atom 
limit  0*(‘s“)  +N(V),  the  lowest  of  the  three  vibrational 
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FIG.  5.  High  resolution  (-'1.003  cm*'i  spectrum  of  a  portion 
of  the  a  5  band. 


J.  Chem.  Phys.,  Vol.  75,  No,  8,  15  October  1981 


P.  C.  Cosby  and  H.  Helm:  Laser  photofragment  spectroscopy  of  NO*.  I 


2887 


TABLE  II.  Lower  state  vibrational  levels.* 


State 

v" 

AG,.. 

(cm-1)* 

AGe'.i 

(cm'1)* 

(eV)d 

J'3v- 

8 

1089*13 

1068*  14 

-  1.338*  0.015 

A'  *s* 

7 

1069*6 

1042  *6 

-1.277*0.010 

WlA 

5 

1079*18 

1056  *  20 

-1.326*  0.058 

This  work 

V " 

1098*3 

1036*10 

-  i.  JZJ.0#010 

‘Values  for  the  b',  A',  and  W  states  are  calculated  from  the 
molecular  constants  in  Table  I  of  Ref.  13. 

6G0.. -G,..„. 

°G„...,  -C„...2. 

dEnergy  of  v"  with  respect  to  the  O*  (4S°)  -  N  ('‘S0)  separated 
atom  limit.  The  b'.  A',  and  W  states  actually  correlate  to 
the  N*(3P)  rO(3P)  limit,  which  is  higher  in  energy  by  0.916  eV. 


levels  would  lie  18.80  eV  above  NOX!n  (t>  =  0).  Disso¬ 
ciation  to  the  next  higher  O*  limits:  0*(4S°)  +  N(2D°), 
0*(2D°)  +  N(4S°),  or  O*(4S0)  +  N(2P°)  would  place  this  vibra¬ 
tional  level  at  21. 17,  22.12,  or  22.37  eV,  respectively. 
However,  it  is  unlikely  that  bound  states  at  the  energies 
required  for  the  production  of  electronically  excited 
photofragments  would  be  present  in  the  ion  beam.  No 
features  appear  in  the  NO  photoelectron  spectrum12  at 
these  energies,  which  indicates  such  levels  would  not 
be  populated  by  direct  ionization  of  NO  in  the  ion  source. 
Nevertheless,  electronic  states  not  observed  in  the  pho¬ 
toelectron  spectrum  are  predicted  by  theory10,11  to  lie  in 
this  general  energy  range.  These  states  are  bound  at 
internuclear  distances  too  large  to  permit  their  produc¬ 
tion  in  a  direct  ionization  process  or  involve  multiple 
electron  excitations  but  could  conceivably  be  produced  by 
radiative  cascade  from  higher  states.  Such  higher 
states  would,  however,  be  metastable  with  respect  to 
predissociation  by  the  manifold  of  states  arising  from 
the  two  lowest  separated  atom  limits.  Indeed,  produc¬ 
tion  of  O*  and  N*  is  observed  in  the  photodissociative  ion¬ 
ization  spectrum15,16  of  NO  at  all  photon  energies  above 
these  respective  thresholds.  In  addition,  no  production 
of  N*  of  O*  from  the  unimolecular  decomposition  of  NO* 
in  a  beam  is  observed  from  states  above  20.5  eV,  in¬ 
dicating  the  predissociation  lifetimes  of  such  states,  if 
formed,  is  much  shorter  than  the  -  10*5  s  transit  time 
between  the  ion  source  and  the  photon  interaction  region 
in  the  present  experiment.  We  therefore  conclude  that 
the  observed  photon -induced  predissociations  produce 
photofragments  in  their  ground  electronic  states.  Fur¬ 
ther  support  for  this  conclusion  is  presented  in  Sec.  IV B. 

Eight  of  the  22  electronic  states  which  arise  from  the 
two  lowest  dissociation  limits  have  been  defined  experi¬ 
mentally.  Using  the  molecular  constants13  for  these 
eight  states,  we  may  calculate  the  locations  of  their  vi¬ 
brational  levels  in  the  energy  region  of  our  observed 
lower  state  levels.  Only  three  of  these  states,  the 
AMZ*,  bnZ‘,  and  w’a,  have  vibrational  spacings  in 
the  vicinity  of  the  measured  values  of  1098  and  1036 
cm"1.  The  calculated  positions  of  their  vibrational 
levels  with  respect  to  the  O *(4S°)  +  N(4S°)  separated  atom 
limit  are  given  in  Table  II.  It  can  be  seen  from  this 
table  that  the  A'  state  must  be  excluded  from  the  list  of 
candidate  lower  states  because  the  locations  of  its  rele¬ 


vant  vibrational  levels  are  0.05  eV  away  from  the  ob¬ 
served  levels,  which  is  well  beyond  the  combined  uncer 
tainties  in  these  locations. 

The  w'aIc"  =  5,  6,  7)  level  separations  are  in  good 
agreement  with  the  lower  state  energies  of  the  predis¬ 
sociation  bands.  However,  an  important  consideration 
argues  against  the  selection  of  a  singlet  state  as  the  can 
didate  lower  state:  the  large  number  of  rotational  lines 
observed  would  require  the  lower  state  in  even  the 
most  complex  singlet-singlet  absorption  system  to 
have  a  rotational  temperature  of  >800  K.  In  con¬ 
trast,  the  rotational  temperature  of  ions  pro¬ 
duced  by  electron  impact  on  Oj  in  our  source  is  found33 
to  be  400  ±  50  K.  The  formation  of  NO*  from  NO  is  com 
pletely  analogous:  hence  we  expect  a  similar  rotational 
temperature.  Consequently,  the  most  likely  candidate 
lower  electronic  state  is  6'  =  8, 9.  10).  Observa¬ 

tion  of  a  perturbation  in  v"  =  9  of  this  state  (Sec.  IV C) 
lends  additional  support  for  its  selection. 

B.  The  upper  electronic  state 

The  lowest  vibrational  level  of  the  upper  electronic 
state  which  predissociates  in  the  wavelength  region  of 
6600-5650  A  lies  0. 698!^ Sfl  eV  above  the  O'(V)  ■*•  N(V) 
separated  atom  limit.  This  level  is  accessed  by  bands 
a0  and  ,20  in  Fig.  3.  A  detailed  search  of  this  spectral 
region  gave  no  indication  of  lower  energy  vibrational 
levels  in  this  electronic  state  (see,  e.g. ,  the  IV  =  628 
meV  spectrum  in  Fig.  2).  The  relative  intensities  of 
transitions  to  the  upper  state  levels  from  each  of  the 
three  vibrational  levels  in  the  b'  state  are  given  in  Fig. 
6.  It  can  be  seen  that  the  intensities  from  r”  =8  and  9, 
which  otherwise  exhibit  a  periodic  variation  wuh  upper 
state  level,  aoruptly  terminate  at  our  lowest  observed 
level.  This  suggests  assignment  of  the  1V  =  0.698  eV 
level  to  r'  =0.  We  note  that  the  long  predissociation 
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FIG.  6.  Relative  intensities  of  transitions  to  the  predissociatc 
vibrational  levels  it')  of  the  upper  electronic  state  from  b'JZ‘ 
(v"=8,  9,  101.  The  intensities  (points)  are  connected  by  ar¬ 
bitrary,  smooth  curves. 


J,  Chem.  Phyv,  Vol.  75,  No.  8.  15  October  1981 


3888 


P.  C.  Cosby  and  H.  Helm:  Laser  photofragment  spectroscopy  of  NO*'.  I 


lifetimes  of  these  levels,  as  evidenced  by  their  narrow 
absorption  linewidths,  demonstrates  a  predissociation 
caused  by  a  weak  interaction.  It  is  unlikely  that  the  on¬ 
set  of  this  interaction  would  begin  abruptly  at  other  than 
the  lowest  upper  state  vibrational  level.  Thus,  we 
adopt,  for  the  sake  of  discussion,  the  assignment  of  the  ~~ 

lowest  observed  level  to  v  =0  while  awaiting  future  work  § 

on  the  isotopically  substituted  ion  to  confirm  the  assign¬ 
ment.  Thus,  bands  a  „-oi10  correspond  to  (v' ,  v")  <3 

=  (0,  8)  —(10,  8),  bands  correspond  to  (0,  9)-(5,  9), 
bands  y8- y16  correspond  to  (8,  9)-(16,9),  and  bands 
6i3-5is  correspond  to  (13, 10)— (19, 10). 

The  upper  state  vibrational  spacings  A G„,,  determined 
from  the  centers  of  the  observed  bands,  are  shown  as  a 
function  of  mean  upper  state  vibrational  quantum  num¬ 
ber  {v  + 1/2),  in  Fig.  7(a).  The  squares,  circles,  open 
triangles,  and  closed  triangles  are  the  values  determined 
from  bands  o,  8,  y,  and  5,  respectively.  The  error 
bars  for  (v'  +  i)  =  0.  5  -  6. 5  reflect  the  variation  in  aG„< 
values  obtained  using  the  separations  of  bandheads.  iso¬ 
lated  rotational  lines,  and  band  centers.  Thus,  the  mag¬ 
nitude  of  this  variation  gives  some  measure  of  the  in¬ 
fluence  of  changes  in  the  upper  state  rotational  constants 
with  vibrational  level  on  the  apparent  upper  state  vibra¬ 
tional  separations  determined  from  the  oand  centers 
alone.  The  error  bars  for  points  at  ( v '  -  i)  »  7. 5  re¬ 
flect  only  the  uncertainty  in  locating  the  band  centers. 

The  slope  of  AG„.  in  Fig.  7(a)  exhibits  a  strong  dis¬ 
continuity  at  i''~4.  The  magnitude  of  this  discontinuity 
far  exceeds  any  possible  uncertainty  in  the  upper  state 
vibrational  spacing  arising  from  the  use  of  band  center 
separations  rather  than  band  origins.  Its  presence  sug¬ 
gests23,30  that  a  homogeneous  perturbation  occurs  in  the 
upper  electronic  state.  This  will  be  discussed  in 
Sec.  IVD. 

The  observed  values  of  aG„.  are  replotted  in  Fig.  7(b) 
as  a  function  of  the  energy  of  the  upper  state  vibrational 
levels  with  respect  to  the  O*(4S0)  +  N(4S°i  separated  atom 
limit  ( tVv,  ,4) .  The  functional  dependence  of  the  energy 
eigenvalue  separations  of  a  Morse  oscillator  on  such  a 
plot  is  that  of  a  parabola  with  its  apex  near  the  dissocia¬ 
tion  energy  of  the  oscillator. 10  Also  shown  in  Fig.  7(b) 
are  the  corresponding  energies  of  the  nine  fine-structure 
combinations  possible  for  the  N ’Op)  +0(1f)  separated 
atom  limit. 

It  is  clear  from  Fig.  7(b)  that  the  upper  electronic 
state  correlates  to  an  atomic  limit  0.94  ±0.001  eV  above 
the  separated  atom  limit  populated  in  the  predissociation. 

This  energy  difference  is  quite  independent  of  any  pre¬ 
sumption  of  photofragment  atomic  state.  The  fact  that 
the  observed  difference  directly  corresponds  to  the  en¬ 
ergy  separation  of  the  two  lowest  separated  atom  limits 
of  NO‘:  0"(4S°)  +  N(4S°)  and  N*(3P)  *0(3P),  rather  than 
to  any  pair  of  higher  energy  limits,  confirms  the  argu¬ 
ments  made  in  Sec.  IV  A  that  only  ground  electronic 
state  photofragments  are  produced  in  the  photodissocia¬ 
tion. 

The  selection  of  candidate  upper  states  can  be  re¬ 
stricted  to  those  correlating  to  the  N*(3P)  ~0(3P)  limit 
which  can  reasonably  be  expected  to  exhibit  the  vibra- 


F1G.  7.  Vibrational  spacing  in  the  predissociated  upper  elec¬ 
tronic  state  as  a  function  of  (a)  mean  upper  state  vibrational 
quantum  number  (v'  -  I)  and  (b)  upper  state  energy  with  respect 
to  O'(4S0i  *  N  (4S°).  The  energies  of  the  nine  fine- structure 
combinations  of  N*(3P)  *  oPPi  are  also  shown  in  (b).  The 
squares,  circles,  open  triangles,  and  closed  triangles  are  the 
spacings  derived  from  the  nt,  3,  V,  and  6  bands,  respectively. 
The  dashed  curves  are  least-squares  fits  of  AC„#  to  a  linear 
functional  dependence  on  (v'  -  ii  in  (a)  and  a  quadratic  func¬ 
tional  dependence  on  in  (b).  The  horizontal  error  bar  in 
(b)  shows  the  absolute  uncertainty  in  the  energy  scale. 


tional  frequencies  and  homogeneous  perturbation  dis¬ 
cussed  in  the  preceding  section.  In  addition,  we  re¬ 
quire  an  upper  state  that  is  optically  connected  to  the 
ft'  3I'  state  by  a  dipole-allowed  transition.  This  reduces 
the  candidate  upper  states  to  either  the  ft3n  or  the  2  3n 
states  (see  Fig.  1). 

Only  the  first  two  vibrational  levels  of  the  ft  state  have 
been  observed  by  photoelectron  spectroscopy.  Extrapo¬ 
lation  of  the  constants  for  this  state  14  vibrational  levels 
into  the  energy  region  of  the  observed  upper  state  yields 
vibrational  spacings  more  than  a  factor  of  five  larger 
than  those  of  the  predissociating  levels.  Moreover,  it 
is  clear  from  Fig.  1  that  the  vibrational  overlap  between 
the  high  vibrational  levels  of  the  ft  state  and  ft'  ’r*(i  " 

=  8,9.10)  will  be  extremely  poor. 

In  contrast,  the  proDerties  of  the  2  n  state  are  quali- 
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tatively  in  agreement  with  those  expected  from  the  ob¬ 
served  transitions.  The  potential  curve  of  this  23n  state 
calculated  by  Thulstrup  et  al.{0  is  shown  as  the  lower 
dashed  curve  in  Fig.  1.  The  curve  calculated  by 
Michels11  for  this  state  has  an  outer  minimum  of  -0.5 
eV  at  -  1 . 95  A  and  no  inner  minimum.  Each  of  these 
calculations  yields  a  23n  potential  curve  which  allows 
vertical  transitions  to  this  state  from  the  h'3Z~(v" 

=  8-10)  and  has  the  shallow  potential  well  necessary  to 
explain  the  small  upper  state  vibrational  spacings  ob¬ 
served  in  the  predissociation  spectra.  In  addition,  both 
calculations  predict  one  or  more  avoided  crossings  be¬ 
tween  the  2  3n  state  and  other  curves  arising  from  higher 
NO*  dissociation  limits.  In  the  calculations  of  Thul¬ 
strup  et  al.,  one  of  these  perturbations  occurs  within 
the  bound  region  of  the  potential,  leading  to  the  forma¬ 
tion  of  a  second  minimum  at  shorter  internuclear  dis¬ 
tances.  Such  a  feature  would  qualitatively  account  for 
the  abrupt  change  in  vibrational  spacings  observed  in  the 
predissociation  spectra. 

No  significant  structure  appears  in  the  NO  photoelec¬ 
tron  spectrum12  which  could  be  associated  with  the 
predissociated  levels  of  the  23n  state.  However,  an  in¬ 
tense  peak  is  observed  in  the  spectrum  at  21. 722  eV. 
Four  Rydberg  series  involving  excitation  of  the  NO  a*  2s 
orbital  have  been  identified  which  converge  to  this  same 
energy. 14  These  observations  have  suggested  that  the 
origin  of  an  NO*  state  lies  at  this  energy  with  an  equi¬ 
librium  internuclear  distance  close  to  that  of  NO(X2IT) 
and  an  electron  configuration  of 

ats2<7*ls2(j2s2(7*2sl  alp1  ?r2/>4  n*2pl  .  (1) 

Lefebvre-Brion31  has  calculated  the  properties  of  the 
NO*  states  arising  from  this  configuration  and  found  that 
the  assignment  of  this  feature  to  a  3n  state  is  in  best 
agreement  with  the  experimental  observations.  This 
state  has  been  named12,31  c3n  by  analogy  with  the  N2 
state  having  the  same  configuration, 11  C  3n„,  which 
adiabatically  correlates  to  very  highly  excited  atomic 
products.  32  The  approximate  location13  of  this  state  is 
shown  in  Fig.  1. 

The  configuration  of  the  23n  state  has  not  been  re¬ 
ported;  however,  we  know  that  it  must  correlate  to  the 
N 'Op)  +0 CP)  separated  atom  limit.  Only  two  3n  states 
are  possible  from  this  limit.  One  of  these  is  known11  to 
be  the  ft3n  state.  We  therefore  attribute  either  of  the 
configurations: 

crls2  a*  Is2  <r2s2  a*2 s2  o2p~  t2/>]  o*2/>1  (2) 

or 

crls2  a*  Is2  a2s2  c*2s2  o2 />'  -2/r1  7*2p~  (3) 

to  the  2  3n  state.  Configuration  (3)  is  equivalent  to  the 
major  configuration11  of  the  C'3na  state  in  N:.  Thus 
this  state  may  be  the  isoelectronic  analog  of  the  2  3n  in 
NO*.  Figure  1  does  suggest  that  the  repulsive  wall  of 
the  2  'n  state  will  pass  close  to  the  potential  well  of  the 
c]U  state.  Even  the  weak  coupling  expected  between 
(l)-(2)  or  (1M3)  would  predissociate  the  c  state.  In¬ 
deed  photoelectron-photoion  coincidence  studies1  have 
found  that  the  c  state  is  completely  predissociated  to 
N*( 'PI  -O (lP). 


The  theoretical  calculations  which  are  presently  avail¬ 
able  do  not  accurately  describe  the  NO*  potential  curves 
above  the  first  separated  atom  limit.  This  is  particu¬ 
larly  unfortunate  in  the  present  investigation  since  the 
states  in  this  region  are  expected  to  have  strongly  mixed 
configurations,  particularly  at  the  larger  internuclear 
separations  observed  here.  Thus  existing  calculations 
are  of  little  assistance  in  identifying  the  true  form  of 
the  2  3n  potential  curve.  We  are  currently  analyzing  the 
numerous  other  predissociation  bands,  apparently  un¬ 
related  to  the  present  band  systems,  which  terminate  in 
levels  above  and  below  those  discussed  here.  Hopefully, 
some  of  these  bands  will  provide  additional  information 
on  the  location  of  the  perturbing  3n  state. 

In  summary,  the  following  arguments  have  led  us  to 
identify  the  main  features  of  the  observed  band  systems 
as  23n  -  b‘  3r*  transitions:  (a)  The  energy  locations  and 
vibrational  spacing  of  r  =  8,  9,  and  10  of  the  b‘  state 
agree  with  the  lower  state  vibrational  levels  measured 
in  this  experiment;  (b)  the  complexity  of  the  band  struc¬ 
ture,  coupled  with  the  apparent  clustering  of  rotational 
lines  into  three  groups, 33  is  consistent  with  a  3n  -  3C* 
combination;  (c)  the  predicted  position  of  the  2  3n  state 
allows  good  vibrational  overlap  with  the  relevant  b' 
levels;  and  (d)  the  homogeneous  perturbation  predicted 
for  the  23n  state  is  consistent  with  the  perturbed  vibra¬ 
tional  spacings  observed  in  the  upper  state.  Additional 
confirmation  for  this  identification  comes  from  the  ob¬ 
servation  of  a  rotational  perturbation  in  the  v  =  9  level 
of  the  b'3Z~  state,  which  is  discussed  in  the  next  section. 

C.  Rotational  features  in  the  bands 

Detailed  comparison  of  the  low  resolution  spectra  of 
the  a  and  d  band  systems  shown  in  Fig.  3  reveals 
marked  differences  in  their  rotational  envelopes.  These 
differences  are  shown  more  clearly  in  Fig.  8  where  the 
(3,  8)  and  (3,  9)  bands  are  given  on  an  expanded  wave¬ 
length  scale.  Although  both  bands  have  the  same  gen¬ 
eral  shape,  the  rotational  structure  in  the  (3.  9)  band  is 
decidedly  less  congested.  This  suggests  that  v"  =9  of 
the  h'  3E*  state  has  fewer  rotational  levels  populated 
among  the  NO*  ions  in  the  beam  than  does  v"  =8. 

The  b'3Z~  state  is  not  the  lowest  triplet  state  in  the 
NO*  manifold  (see  Fig.  1).  It  may  radiate  in  allowed 
transitions  to  the  fo’n  [the  (9,  0)  band  origin  would  be 
at  5272  A).  However,  transitions  in  the  h' -  b  system 
have  never  been  observed  despite  intensive  searches  in 
spectra  emitted  from  discharge  lamps.  This  is  un¬ 
doubtedly  because,  as  Field'  suggests,  the  triplet  states 
of  NO*  are  quenched  in  the  discharge  faster  than  they 
"an  radiate.  Consequently,  the  only  experimental  evi¬ 
dence  for  a  long  radiative  lifetime  for  the  h'  state  comes 
from  the  ion  beam  emission  studies  of  Maier  and  Hol¬ 
land.3  Several  features  in  their  spectra  have  been  at¬ 
tributed  to  transitions  in  the  b‘  C"-.\''c*  svstem.  in¬ 
duced  by  spin-orbit  interaction  between  the  .4  ’n  and 
h'  3r*  states.  Their  measurements  indicate  lifetimes 
of  order  10  ns  for  several  vibrational  levels  in  the  b' 
state.  The  corresponding  svstem  e  ’  L‘  *  —  .V  1 1' *  in  the  iso¬ 
electronic  CO  molecule  is  also  known  1  to  be  long-lived 
(r  =  3  ns). 
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FIG.  3.  Moderate  resolution  (~1  cm'1),  intracavity  spectra  of 
predissociations  in  23n(i/  =3)  when  accessed  by  absorptions 
from  r"  =  9  (upper  spectrum!  and  v"  =  9  dower  spectrum)  of 
the  V3!"  state.  Each  absorption  appears  as  a  Doppler  doublet 
separated  by  -14.6  cm"1  in  the  upper  spectrum  and  -13.8  cm"1 
in  the  lower  spectrum.  The  Doppler  doublets  corresponding 
to  the  isolated  rotational  features  discussed  in  the  ‘nxt  are  in¬ 
dicated  in  each  spectrum. 


The  time  required  for  NO*  ions  in  our  experiment  to 
reach  the  laser  from  the  ion  source  is  about  20  ps. 
Therefore,  an  appreciable  fraction  of  the  b'  state  levels 
that  are  populated  during  the  ionization  prociss  will  be 
lost  due  to  radiation.  This  direct  radiative  loss  should 
be  essentially  uniform  among  the  rotational  levels,  hence 
the  Boltzmann  distribution  of  rotational  levels  in  the  ion 
source  will  be  retained  during  the  transit  time  of  the 
beam  and  will  be  similar  within  each  of  the  vibrational 
levels  in  tne  b'  3tate.  However,  v"  =9  of  the  b'  state  is 
locally  perturbed  by  the  <>  =  3  level  of  the  A’n  state, 
whereas  the  e"  =  8  and  10  levels  are  not.  This  perturba¬ 
tion  was  first  predicted  by  Field7  and  has  more  recently 
been  observed  by  Alberti  and  Douglas6  in  the  A  ’n  -x'z* 
emission  spectrum.  Figure  9(a)  shows  the  deviation  of 
the  rotational  term  positions  measured  by  Alberti  and 
Douglas  for  the  e  levels  in  r  =  3  of  the  A  state  from  the 
term  values  that  are  expected  in  the  absence  of  the  per¬ 
turbation.  The  discontinuities  in  this  figure  arise  from 
the  near-degeneracy  of  several  rotational  levels  in 
A  'nlr  =  3)  with  the  corresponding  levels  in  the  F(  (,V 
•=./  -  1)  and  F,  (.V  -J  1)  components  ( e  levels)  of 
V  ’l"(c"  =  9).  Perturbation  of  the  f  levels  by  the  F2  (.V 
-J)  component  is  also  observed. 

The  A  state  is  short-lived  (56  ns)35;  hence,  the  radia¬ 
tive  lifetime  of  the  perturbed  rota*  mal  levels  in  the  h' 
state  will  decrease  to  a  degree  dependent  on  the  strength 
of  the  perturbation.  In  order  to  assess  this  effect  on 


the  rotational  distribution  of  NO*  ion  arriving  at  the  la¬ 
ser,  we  have  analyzed36  these  perturbations  using  a  non¬ 
linear  least-squares  fitting  procedure  employing  the  ro¬ 
tational  energy  expressions  given  by  Herzberg” 1  and 
Kovacs38  for  the  3£"  and  !n  states,  respectively.  The 
resulting  deperturbed  molecular  constants  obtained  for 
A '11(1’ =  3)  and  6' 3E"(p  =  9)  are  given  in  Table  III.  Also 
given  in  this  table  is  the  value  obtained  for  the  spin- 
orbit  matrix  element  (H,J  that  couples  these  states.  We 
note  that  it  differs  by  less  than  10°c  from  the  estimate 
given  by  Field. 7  Using  these  constants,  together  with 
the  measured  lifetimes  of  56  ns  for  the  A  state  and  10 
lis  for  the  b'  state,  we  have  calculated  the  lifetime  of 
individual  rotational  levels  in  bnZ'( v  =  9).  The  pre- 
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ROTATIONAL  QUANTUM  NUMBER 

FIG.  3.  Effects  of  the  A  lU(v  ~  3),  V 3*"  Ip  =  3)  perturbation  as 
a  function  of  rotational  quantum  number.  The  upper  figure  1  ai 
shows  the  deviation  of  the  term  energies  of  e  levels  in  A  'nir 
=  31  reported  by  Ref.  6  from  the  energies  expected  in  the  ab¬ 
sence  of  perturbation  by  b'  3Z~  <v  =  a,  F=l,31.  The  center 
figure  lb)  gives  the  expected  radiative  lifetimes  of  these  levels 
as  a  result  of  the  perturbation  and  the  lifetimes  of  the  perturb¬ 
ing  6’ 3I" (e = 91  levels.  The  bottom  figure  <ci  shows  the  ex¬ 
pected  400  K  Boltzmann  population  distribution  m  the  rotational 
levels  of  the  A'3T"  state  produced  by  electron  impact  in  the  ion 
source  idashed  curvei  and  the  population  distribution  in  b''>Z~'v 
=  9)  upon  arrival  at  the  .aser  20  us  later  ‘solid  curvei. 
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TABLE  III.  Molecular  constants  from  the 
A1n(e  =  3),  b'  3S'  In  =  9)  perturbation. 1 


Aln  (y  =  3) 

( 

H 

s 

~a 

Tv  =  77  638.  399 

T„  =  77  306.3 

B,  =  1.500  95 

3=1. 15997 

Bf- 1. 501  09 

Y=  — 0.141 

£)  =  6.7931xl0*s 

X=1.01 

H„  =  4.649c 

“Units  are  cm"1. 

“See  Ref.  37. 

cHx=(A'n,  y  =  3|HMl3ET.  v  =  9>. 


dieted  lifetimes  of  the  F{  and  F3  components  of  this  state 
together  with  those  of  the  e  levels  of  A  ‘n(t'  =  3)  are 
shown  in  Fig.  10(b).  A  similar  dependence  is  found  for 
the  F:  component  and  the  f  levels  with  their  respective 
lifetime  extrema  occurring  at  J  =  22.  The  resulting  ef¬ 
fect  of  this  perturbation  on  the  rotational  distribution  in 
h'3T'(e  =  9)  after  a  20  ps  beam  transit  time  is  shown  by 
the  solid  curve  in  Fig.  10(c).  In  comparison  with  the 
400  K  Boltzmann  distribution  that  should  characterize 
the  h'3r"(r  =  8)  levels,  which  is  shown  by  the  dashed 
curve  in  this  figure,  an  appreciable  fraction  of  the  higher 
rotational  levels  of  v  =  9  will  not  be  present  in  the  beam 
at  the  time  of  photoabsorption.  The  loss  of  these  levels 
likely  accounts  for  the  different  rotational  envelopes  in 
the  c"=8  and  t>"  =  9  progressions. 

A  second  prominent  feature  in  the  band  structure  of 
the  23n-6'3I*  transitions  is  the  two  isolated  lines 
which  appear  in  the  low  resolution  spectra.  Figs.  3  and 
9,  on  the  long-wavelength  side  of  each  band  terminating 
in  c'  «  7.  Above  v1  =7,  the  lines  appear  to  be  blended 
with  adjacent  band  structures  due  to  the  decreasing  vi¬ 
brational  spacing  in  the  23n  state.  The  spacing  within 
each  pair  of  lines  is  weakly  dependent  on  upper  state 
vibrational  quantum  number,  varying  from  22  cm'1  at 
c'  =  0  to  15  cm*1  at  v  =  7,  and  is  comparable  in  both  the 
r"  =  8  and  9  progressions.  The  isolated  line  which  ap¬ 
pears  in  Fig.  9  with  Doppler  components  at  16  654  and 
16  669  cm'1  was  examined  at  high  resolution.  It  was 
found  to  consist  predominately  of  two  strong  transitions 
separated  by  3.00  cm'1,  each  having  linewidths  <  100 
Mhz.  A  number  of  ^Iher,  weaker  features  also  appear 
in  this  wavelength  region  as  well  as  in  the  interval  be¬ 
tween  this  '‘line”  and  the  main  band. 

The  sudden  onset  of  the  isolated  lines  at  v  =  0  in  both 
the  r"  =8  and  9  progressions,  their  intensity  pattern, 
their  photofragment  kinetic  energies,  as  well  as  the 
upper  state  vibrational  spacings  derived  from  their 
spacings  are  all  consistent  with  the  bands  which  we  have 
attributed  to  the  2  3n  -  b’  3I'  transitions.  This  strongly 
suggests  that  these  lines  also  terminate  in  the  23n  state. 
However,  the  substantial  separation  of  the  lines  from 
the  main  body  of  each  band  makes  it  difficult  to  associate 
them  with  the  same  rotational  envelopes.  In  addition, 
the  lower  state  separation  derived  from  the  isolated 
lines  (1110. 1  cm"'  at  v‘  =  0  increasing  to  1114.  4  at  r‘ 


=  4)  is  significantly  different  from  that  derived  from  the 
main  band  features  (1101.7  cm'1  at  r  =0  decreasing  j 
1098.9  at  r' =  4).  It  is  likely  that  these  lines  arise  from 
transitions  into  2  3n  from  perturbed  levels  of  a  singlet 
state. 

D.  Predissociation  mechanism 

The  high  resolution  spectra  of  the  bands  terminating 
in  v"  -  0-8  show  no  measurable  variation  in  transition 
linewidths.  Rather,  the  observed  linewidths  are  appara¬ 
tus  limited  demonstrating  that  predissociation  of  the  2  3n 
state  occurs  only  slowly  (predissociation  lifetimes 
-1.6  ns).  Because  only  O'  photofragments  are  produced, 
the  state  responsible  for  the  predissociation  must  be  one 
of  the  four  states  arising  from  the  N(4SI)) 

+  0'(4S°)  limit.  The  and  a3T'  states  are  too  strong¬ 
ly  bound  to  interact  effectively  with  bound  levels  of  the 
2  3n  state  and  the  7E*  state  is  not  directly  coupled  to  the 
2  3n  state  (AS  =2).  This  leaves  the  a  5T'  as  the  best 
candidate  for  the  predissociating  state. 

The  a  ‘E’  state  is  coupled  to  the  2  3fl  state  through  the 
spin -orbit  operator.  The  general  effects  of  this  inter¬ 
action  on  the  linewidths  (r„)  of  the  predissociating  tran¬ 
sitions  may  be  investigated  using  the  Fermi  golden 
rule35 

r„  =  2tt  |  (4-n(r.  ft)  I  F(R)  1 4-£(r.R)  1 2  .  (4) 

Here  ^n(r,  R)  and  <bE(r.R)  denote  the  rovibronic  wave 
function  of  the  predissociated  level  n  and  the  continuum 
wave  function  at  energy  E  above  the  dissociation  limit, 
respectively,  and  V{R)  is  the  operator  that  couples  the 
bound  and  continuum  states.  The  use  of  Eq.  (4)  to  pre¬ 
dict  the  linewidths  of  the  transitions  neglects  any  line- 
width  contributions  from  the  properties  of  the  lower 
state  involved  in  the  transitions,  ft'3!'.  This  neglect  is 
justified  on  the  basis  of  the  long  lifetimes  • 3  of  the  b‘ 
levels. 

For  the  (23n,a  5S*)  interaction,  Eq.  (4)  reduces  to 

r0=2tr  S|f/(23nn;a  5t;)|2  .  (5) 

i 

The  summation  over  the  components  j  of  the  E'  state 
which  interact  with  a  particular  fine-structure  level  Q 
of  the  3n  state  is  based  on  the  assumption  that  only  in¬ 
significant  phase  differences  among  the  ;  components 
are  accumulated  from  the  point  of  interaction  to  the  dis¬ 
sociation  limit.  This  is  expected  to  be  valid  for  a  T 
state  because  its  fine-structure  levels  lie  close  in  en¬ 
ergy.  We  have  evaluated  the  matrix  elements  for  the 
f/(23nn;a  5Tj)  using  the  ’T*  transformation  matrix  ele¬ 
ments  given  by  Kovacs10  and  Hund's  case  (a)  elements 
for  spin -orbit  coupling  given  by  Freed11: 

yns'A'r' ! h,0 ] jnsxz'  =  (  - Dc t  x  (6) 

where  An  is  the  intercombination  analog  of  the  spin- 
orbit  parameter.  The  resulting  linewidths  for  the  three 
substates  of  2  "n  are  T.,  -Ala,  rt=3A10,  and  I%-6A10. 

On  the  other  hand,  when  both  states  are  described  by 
case  (b)  coupling,  the  ratio  of  expected  linewidths  among 
the  three  components  is  0.  67  :  0.  77  :  1 . 
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Neither  case  would  be  distinguishable  if  A10  were  so 
small  (<  10'3  cm'1)  that  the  expected  linewidth  variations 
fall  below  the  limit  of  our  experimental  resolution.  We 
should  therefore  consider  the  possible  magnitude  of  this 
matrix  element.  The  dominant  electron  configuration 
for  the  at  5Z*  state  is" 

crls2  <r*ls2  <j2s3  <j*2s2  c2/>2  0*2/>2  rt2/>2  it*2/>2  .  (7) 

The  probable  configurations  of  the  23n  state  were  given 
by  Eqs.  (2)  and  (3)  in  Sec.  IV  B.  Both  of  these  configu¬ 
rations  transform  into  (7)  via  single  electron  excitations. 
This  suggests  approximating  A, 0  by  single  electron  spin- 
orbit  integrals.  Thus 

A  to”  (v  |  x)(n*2/>  |  al.  |  o*2/>>  ,  (8) 

if  23n  is  described  by  configuration  (2),  or 

■A  i  o  ~  I  |  al.  1  °r2/>>  (9) 

for  configuration  (3),  where  Id)  and  lx)  are  the  vibra¬ 
tional  and  continuum  wave  functions  of  the  23n  and  or  sS* 
states,  respectively.  The  one-electron  spin-orbit  ma¬ 
trix  element  in  Eq.  (9)  has  been  reported7  to  be  76.6 
cm'1.  The  value  for  the  corresponding  matrix  element 
in  Eq.  (8)  has  not  been  measured,  but  is  likely  to  be  the 
same  order  of  magnitude.  Consequently,  at  this  level  of 
approximation,  only  a  uniformly  small  (~  10'4-10'5)  vi¬ 
brational  overlap  between  the  23n  and  or  states  would 
lead  to  the  observed  linewidths. 

As  can  be  seen  in  Fig.  I,  the  calculated  potential  en¬ 
ergy  curve  for  the  a  state  passes  directly  through  the 
potential  well  of  the  23n  state.  While  this  may  certainly 
lead  to  the  requisite  small  overlaps  for  specific  vibra¬ 
tional  levels  of  the  23n,  it  is  unreasonable  to  expect 
accidentally  small  vibrational  overlaps  to  account  for 
the  narrow  linewidths  observed  in  each  of  the  first  nine 
vibrational  levels  of  the  23n  state.43  This  could  indicate 
that  the  relative  locations  shown  for  these  two  curves  in 
Fig.  1  are  not  accurate.  However,  we  also  note  that  the 
(23n,a  5E*)  crossing  occurs  in  the  perturbed  region  of 
the  23n  state.  Since  the  perturbing  3IT  state  undoubtedly 
has  a  configuration  different  from  either  (2)  or  (3),  the 
use  of  a  single  configuration  description  for  the  2  3n  state 
is  clearly  inappropriate.  Proper  treatment  of  the  {2  3n , 
a  5S*)  interaction  will  therefore  require  explicit  calcu¬ 
lation  of  the  complete  spin-orbit  matrix  element  taking 
full  account  of  the  configuration  mixing  when  improved 
theoretical  potential  curves  become  available. 

V.  CONCLUSIONS 

Twenty  vibrational  levels  of  a  weakly  bound  NO*  elec¬ 
tronic  state  correlating  to  N*(3P)  +  0(3P)  are  observed 
to  predissociate  to  0*(4S°)  +  N(4S°).  The  levels  are  ac¬ 
cessed  by  electronic  transitions  from  three  vibrational 
levels  in  a  lower  energy  electronic  state  of  NO*  which 
are  sufficiently  long-lived  to  be  significantly  populated 
20  ns  ifter  their  formation.  The  energies  of  the  pre¬ 
dissociated  levels,  together  with  the  rotational  and  vi¬ 
brational  structure  in  the  transitions,  are  most  consis¬ 
tent  with  assignment  of  the  upper  and  lower  electronic 
states  to  2  3n  and  hMS',  respectively.  The  predisso¬ 
ciated  vibrational  levels  in  the  2  3n  state  are  tentatively 
identified  as  v  =0-19. 


A  number  of  perturbations  are  observed  in  the  predis¬ 
sociation  spectra.  The  rotational  population  of  the 
b'  =9)  levels  appears  to  be  selectively  depleted 

due  to  interaction  with  A  ‘n(r  =  3).  The  2  3n  state  is  be¬ 
lieved  to  be  predissociated  by  the  a  SE*  state,  but  the 
long  predissociation  lifetime  of  s  1.6  ns  has  not  allowed 
confirmation  of  this  assignment.  In  addition,  the  2  3n 
state  is  found  to  be  homogeneously  perturbed.  The  per¬ 
turbing  state  is  likely  not  the  c3n  state  observed  by  pho¬ 
toelectron  spectroscopy,  but  the  3n  state  arising  from 
the  0*(4S°)  -  N(2D°)  limit.  On  the  other  hand,  the  location 
of  the  2  3n  state  makes  it  the  likely  candidate  for  causing 
the  reported  predissociation  of  the  c3tl  state. 

Molecular  constants  are  not  given  for  the  highly  per¬ 
turbed  vibrational  structure  of  the  2  3n  state  nor  has  ro¬ 
tational  assignment  of  the  spectra  been  possible.  How¬ 
ever,  this  study  has  suggested  a  number  of  experimental 
investigations  which  may  lead  to  a  unique  description  of 
the  23n  state.  Zeeman  splitting  of  the  rotational  lines 
in  the  2  3n  -  b'  3Z'  transitions  would  greatly  assist  in 
their  assignment.  Extension  of  the  wavelength  region 
covered  in  the  predissociation  spectra  to  include  transi¬ 
tions  originating  in  lower  vibrational  levels  of  the  b' 
state  would  also  more  precisely  establish  the  2  3n  state 
location.  Isotope  shifts  in  the  vibrational  structure 
would  confirm  the  vibrational  numbering  in  the  bands  and 
identify  those  bands  which  may  arise  from  the  perturbing 
3n  state.  Finally,  assignment  of  the  other  band  systems 
in  the  NO*  predissociation  spectra  may  locate  the  per¬ 
turbing  3n  state.  These  will  be  the  subject  of  future  in¬ 
vestigations  on  NO*. 
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ABSTRACT 

Discrete  transitions  are  observed  in  an  0H+  ion  beam  which  lead  to 

+  3  3- 

predissociation  into  0  +  H.  The  transitions  are  assigned  to  the  A  II  ♦  X  Z 

system  leading  to  quasibound  levels  supported  by  the  Q  ■  2  and  Q  -  1  substate 

3 

of  A  II.  The  observed  predissociation  manifests  the  action  of  long  range 
dynamic  coupling  in  the  0*  +  H  ,  0  +  H  charge-transfer  channels.  Improved 
values  for  the  bond  energy  of  OH*  and  the  ionization  potential  of  OH  are 
obtained. 
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INTRODUCTION 


The  charge-transfer  reaction  0  +  H+  +  0+  +  H  is  the  first  step  in  the 
interstellar  chemical  cycle  leading  to  the  formation  of  OH.1  The  reverse 
reaction  represents  the  major  ionization  source  for  atomic  hydrogen  in  the 
earth's  ionosphere. *  The  high  rate  at  which  this  reaction  proceeds  in  either 
direction  derives  in  part  from  the  accidental  coincidence  between  the 
dissociation  limits  O(^P^)  +  H+  and  0+(^S°)  +  H(^S),  which  are  degenerate 
within  the  current  knowledge  of  the  ionization  potentials  of  atomic  oxygen  and 
hydrogen^  (see  Figure  1).  The  importance  of  the  charge-exchange  reaction  has 
triggered  a  number  of  theoretical  investigations,  the  most  fundamental  being 
the  dose-coupling  calculations  by  Chambaud  et  al.4  who  explicitly  Included 
the  fine-structure  excitation  in  the  charge-exchange  channel.  These  authors 
showed  chat  the  charge  transfer  event  arises  from  dynamical  coupling  among  the 
0H+  molecular  states  at  large  lnternuclear  separations  (4-6  A),  with 
enhancement  in  the  cross  section  at  specific  energies  corresponding  to  shape 
resonances  in  the  A  II  state.  Here  we  report  a  first  experimental  study  of  two 
such  resonances,  which  in  a  molecular  picture  may  be  viewed  as  quasibound 
levels  of  the  adiabatic  fine-structure  states  of  A^II  shown  in  Figure  I.  The 
levels  are  excited  from  Che  X^I~  ground  state  in  a  mass  selected  0H+  ion  beam 
with  a  CW  DV  laser.  The  dissociative  decay  of  these  resonances  into  0+  +  H  is 
monitored  by  observation  of  the  charged  photof ragments  and  measurement  of 
their  kinetic  energy  distribution.  Analysis  of  the  excitation  spectrum,  the 
photofragment  separation  energies  and  the  excitation  linewldths  of  the 
resonances  allows  the  assignment  of  quantum  numbers  to  the  resonances  and  a 
first  direct  measurement  of  the  dissociation  energy  of  OH*. 


EXPERIMENTAL 


The  apparatus,  a  laser-ion  coaxial  beams  photofragment  spectrometer,  has 
been  described  in  detail  previously,^  as  has  its  application  to  spectroscopic 
studies.^  The  OH*  was  produced  by  dissociative  electron-impact  ionization  of 
water  vapor  and  accelerated  to  a  specified  energy  between  2  and  4  keV.  The 
mass  selected  and  collimated  ion  beam  was  merged  with  the  laser  beam  over  a 
distance  of  50  cm.  The  argon-ion  laser  used  in  this  work  provided  6  discrete 
wavelengths  in  the  UV:  3638,  3511,  3514,  3358,  3345,  and  3336  A.  External 
prisms  were  used  to  select  the  wavelength,  which  was  then  calibrated  against  a 
stabilized  HeNe  laser.  Transistions  in  0H+  were  velocity-tuned  into 
resonance  with  the  fixed  laser  frequency  by  varying  the  velocity  of  the  OH* 
beam  in  the  laser  interaction  region.  By  directing  the  laser  both  parallel  and 
antiparallel  to  the  ion  beam,  10  spectral  regions  were  investigated,  each 
covering  approximately  7-10  cm”1  in  width.  The  0*  photofragments  produced  in 
photodissociation  of  OH*  were  deflected  into  an  energy  analyzer  and  detected 
by  a  channeltron.  Energy  analysis  of  the  photofragments  allowed  determination 
of  the  energy  of  the  dissociated  levels  above  the  dissociation  limit,  called 
the  separation  energy  W. 

Seven  discrete  transitions  and  a  weak  continuous  background  were  observed 
to  lead  to  photodissociation  into  0*  +  H.  Figure  2  shows  a  typical  wavelength 
scan  for  W-0  obtained  using  the  single  frequency  output  of  the  Ar  ion  laser  at 
3514  A  and  tuning  the  OH*  beam  energy  from  2000  to  2500  eV.  The  inserts  give 
the  kinetic  energy  spectra  of  the  0*  photofragments  obtained  from  the  two 
transitions.  The  discrete  separation  energy  of  the  photofragments  in  the 
center  of  mass  frame  is  determined  from  the  width  of  the  kinetic  energy  dis- 


tribuciona  measured  at  half  height.  The  experimental  parameters  determined 
for  the  observed  transitions  are  compiled  in  Table  I. 

The  transition  linevidths  (D  are  determined  from  the  breadth  of  the 
absorption  peaks  at  half  maximum.  They  are  wider  than  the  apparatus  limited 
width  (~  100  MHz)  and  hence  reflect  the  predissociation  lifetimes  of  the 
excited  levels  involved. 

An  attempt  was  made  to  observe  H+  photofragments.  To  our  surprise  none 
were  found.  We  now  understand  that  the  failure  to  observe  H+  is  due  to  the 
greatly  differing  sensitivities  of  the  photofragment  spectrometer  in  detecting 
0+  and  H+  fragments.  To  dlscusB  the  detection  sensitivity  we  must  examine  the 
spatial  distribution  of  photofragments,  which  is  Illustrated  in  Figure  3.  The 
primary  ion  beam  is  merged  with  the  laser  beam  in  the  first  electrostatic 
quadrupole  element,  Qj.  In  the  region  between  the  two  quadrupoles,  the  laser 
with  its  polarization  perpendicular  to  the  parent  beam  velocity  excites  pri¬ 
mary  beam  molecules  to  predissociated  levels.  Emerging  from  this  event,  the 
fragment  velocity  is  a  sum  of  Che  original  bean  velocity  and  a  component  from 
the  separation  energy.  This  latter  component  causes  a  shift  in  the  laboratory 
energy  and  angle  of  each  fragment,  the  laboratory  distributions  depending  on 
the  center-of-mass  angular  distribution  of  the  photofragments.  Shown  in 
Figure  3  are  two  extremes  of  such  distributions,  sin  9  and  cos  9,  labelled 
parallel  and  perpendicular  respectively.  The  true  distributions  produced 
depend  upon  the  various  angular  momentum  quantum  numbers  of  the  states 
Involved  and  their  lifetimes  and  lie  somewhere  between  these  two  extreme 
values.  In  the  second  quadrupole  one  of  the  photofragments  (H+  or  0+)  is 
energy  selected  and  thus  separated  from  the  remainder  of  the  beam.  The  proton 
fragments  are  centered  around  1/17 th  of  the  primary  beam  energy,  the  oxygen 
fragments  around  16/ 17ch  of  the  primary  beam  energy.  Due  to  the  imparted 


separation  energy  most  of  the  fragments  will  spread  around  the  original  beam 
direction,  preferentially  collecting  within  a  circle  with  a  radius  determined 
by  the  ratio  of  center  of  mass  speed  of  the  separating  fragments  to  the  pri¬ 
mary  beam  speed  and  the  distance  from  the  dissociation  region.  The  two 
spatial  distributions  shown  in  Figure  3  were  obtained  by  a  Monte  Carlo 
calculation  of  actual  apparatus  trajectories  accounting  for  realistic 
operating  conditions  such  as  a  finite  beam  size,  and  interaction  length,  as 
well  as  dispersion  effects  in  To  understand  the  greatly  different 

sensitivity  for  proton  and  oxygen  fragments  we  have  to  recall  that  only  a 
small  fraction  of  the  spatial  distribution  of  photofragments  is  accepted  into 
the  electrostatic  energy  analyzer  which  is  situated  about  170  cm  downstream 
from  the  second  quadrupole  and  has  an  acceptance  aperture  of  1  mm  diameter. 

For  an  example  we  assume  a  primary  beam  energy  of  3000  eV  and  a  separation 
energy  of  W  «  40  meV.  A  simple  calculation  for  the  spatial  distribution  of 
fragments  after  200  cm  of  flight  path  shows  that  oxygen  fragments  will  fall 
into  a  ring  of  ~  2  am  diameter.  By  contrast  proton  fragments,  which  due  to 
their  lower  mass  carry  most  of  the  separation  energy,  will  spread  much  farther 
around  the  beam,  into  a  ring  of  ~  30  mm.  As  a  result  the  number  of  proton 
fragments  falling  into  the  aperture  of  the  energy  analyzer  is  order  of  magni¬ 
tude  below  that  of  the  oxygen  fragments.  We  believe  that  this  discrimination 
is  the  origin  for  our  inability  to  date  to  detect  proton  fragments  from  the 
predissociating  transitions  given  in  Table  I. 

A  more  sensitive  scheme  for  detecting  the  proton  fragments  is  being 
developed.  The  current  paper  describes  results  and  interpretation  derived 
from  the  detection  of  the  oxygen  ion  fragment  alone. 


IDENTIFICATION  OF  TRANSITIONS 


A,  A^Il  ♦  X®E”  Transitions 

As  can  be  seen  in  Table  I  the  measured  linewidths  and  separation  energies 
are,  within  their  experimental  uncertainties,  identical  among  the  three 
transitions  a,b,  and  c  (group  I),  and  the  two  transitions  labeled  d  and  e 
(group  II),  respectively.  Both  linewldth  and  separation  energy  are  attributes 
of  the  upper  electronic  state  involved  and  hence  these  results  suggest  that 
all  transitions  within  each  group  access  a  similar  (or  the  same)  predisso¬ 
ciated  level  in  the  upper  state.  If  we  assume  that  the  dissociation  occurs  to 
the  lowest  dissociation  limit,  0+(4S°3/2)  +  K(2S),  th«  lower  electronic  state 
involved  in  transitions  observed  in  both  groups  I  and  II  has,  for  energetic 
reasons,  to  be  X®E”  (see  Figure  4).  The  observed  spacings  of  the  transitions 

in  both  groups  (0.61  and  4.80  cm~*  in  group  I  and  4.60  cm-*  in  group  II)  are 

3  - 

consistent  with  the  expected  spin-splitting  of  levels  in  the  X  E  ground  state 
of  0H+,  but  are  much  smaller  than  the  rotational  spacing  in  the  ground 
state.  This  further  suggests  that  within  each  group  the  transitions  access  a 
single  quasibound  level  from  the  spin-split  components  of  a  single  rotational 
level  of  the  ground  state  X  E  .  The  energetic  location  of  these  rotational 
levels  relative  to  the  dissociation  limit  0+  +  H  may  be  obtained  by  subtract¬ 
ing  the  measured  separation  energies  from  the  transition  energies.  The  lower 
state  levels  involved  in  the  group  I  transitions  lie  28080  ±  30  cm-1  below  the 
dissociation  limit,  whereas  those  of  group  II  lie  29678  ±  30  cm-*  below  this 
limit.  The  stated  uncertainties  arise  from  the  uncertainty  in  the  experimen¬ 
tal  measurement  of  W.  Using  the  bond  energy®”*®  of  the  0H+  ground  state, 

40446  ±  90  cm”*,  the  rovibratlonal  energy  of  the  rotational  levels  (relative 
to  the  lowest  existing  level  in  the  ground  state)  are  12366  ±  120  (group  I) 
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and  10768  ±  120  cm*  (group  II).  The  relative  location  of  the  lower  state 
levels  is  shown  in  Figure  4. 

Merer11  et  al.  have  studied  the  A  -  X  system  of  0H+  in  emission,  and  have 
analyzed  rovibrational  levels  of  the  ground  state  up  to  9700  cm-*  excitation 
energy,  covering  the  ground  state  vibrational  levels  v"  ■  0,  1,  and  2.  Extra¬ 
polation  of  their  levels  using  their  molecular  constants  into  the  energy  range 
observed  here  shows  that  two  rovibrational  levels  with  the  required  lower 
state  spacing  fall  into  the  range  of  dissociation  energies  for  groups  I  and 
II.  These  levels  are  v"«2,  N“-21  (12304  cm-1),  and  v"-2,  N”-18  (10677  cm-1). 
Since  it  is  unlikely  that  the  extrapolated  rotational  spacing  is  in  error  by 
as  much  as  100  cm-1  the  assignment  of  lower  state  levels  to  v"»2,  N"-18  and  21 

is  firm,  provided  the  bond  energy  of  0H+  is  correct  within  the  uncertainties 

9  10 

stated  in  previous  work.  ’ 

Assuming  that  an  allowed  electronic  transition  is  observed,  the  upper 
electronic  state  accessed  by  the  transitions  in  groups  I  and  II  has  to  be  the 
a^ti  state  which  correlates  adiabatically  to  the  0(3P)  +  H+  limit.  Three 
pieces  of  experimental  Information  are  available  which  facilitate  the  assign¬ 
ment  of  quantum  numbers  to  the  predissociated  levels.  For  one,  the  kinetic 
energy  distributions  (see  as  example  Figure  2)  identify11  the  transitions 
labeled  b  and  d  in  Table  I  as  Q-type  transitions  (J'-J"  -  0),  the  remainder 
being  of  type  R  or  P  (J'-J"  ■  ±  I),  Secondly,  the  observed  relative  intensi¬ 
ties  show  that  in  group  I  the  Q  transition  is  strong  while  in  group  II  the 
strong  transition  is  either  type  P  or  R  (see  Table  I).  A  third  source  of 
information  comes  from  the  spin-splitting  of  the  lower  state  levels 
Involved.  In  Figure  5  we  show  the  transitions  of  group  I  and  group  II  on  a 
molecular  energy  scale.  Since  the  ordering  of  fine-structure  levels  in  the 

3  —  19 

Z  ground  state  has  been  established  by  the  work  of  Merer  et  al.t 


we  can 


identify  the  lower  f iae-stmcture  levels  involved  in  the  Q-type  transitions  of 
groups  I  and  II  as  (N"“J").  The  similarities  among  the  transition 
linewidths  and  among  the  separation  energies  observed  for  transitions  in  each 
group  suggest  that  each  group  accesses  a  single  predissociated  level,  thus 
requiring  the  assignment  of  the  remaining  transitions  as  P  type  (for  transi¬ 
tions  d  and  e)  and  R  type  (transition  b),  with  the  R-branch  transition  of 
group  II  being  conspicuously  absent  in  the  experiment. 

We  have  calculated  the  intensity  distribution  of  the  27  possible  branches 

in  the  OH  A  II  -  XI  transition  using  Merer' s  molecular  constants  and  the 
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computer  program  “RLS“  kindly  provided  by  Albritton.  We  find  that,  in  order 
to  reproduce  the  observed  intensity  distribution,  the  upper  state 
f lne-3tructure  level  for  group  I  has  to  be  assigned  to  F^'  [corresponding  to 
^2  in  Hund's  case  (a)]  while  it  has  to  be  ^2'  (%j)  for  the  transitions  in 
group  II.  The  calculated  intensities  and  observed,  normalized  Intensities  for 
the  assigned  transitions  are  given  in  Table  I.  It  may  be  seen  that  the  third 
transition  expected  for  group  II,  R^d^),  has  a  predicted  intensity  100  times 
smaller  than  that  of  transition  Qj^OS).  Since  the  count  rate  for  the  latter 
transition  amounted  to  as  little  as  30  counts/s,  the  R^dl)  transition 
expected  for  group  II  remained  undetected.  We  note  from  Table  I  that  the 
predicted  intensities  for  the  strong  transitions  are  higher  than  those 
observed  by  a  factor  of  2  and  3.  One  possible  explanation  for  this  disagree¬ 
ment  is  saturation  of  the  transitions  (the  ions  are  illuminated  with  single 
frequency  radiation  at  power  levels  of  typically  50  W/cm  for  several  ps). 

The  vibrational  assignments  in  the  upper  state  can  be  made  by  extrapo¬ 
lating  the  known  high-J'  energy  levels  for  the  A^TT  state  (v'*0-2  for  0H+  and 
v'*0-3  for  0D+,  from  Reference  12)  to  the  energetic  dissociation  limit.  This 
led  to  assignment  of  v'-6  and  5  for  Groups  I  and  II  respectively. 


B.  Remaining  Transitions 

The  two  transitions  observed  in  group  III  appear  with  separation  energies 
too  high  to  be  supported  by  the  A^TI  state.  A  tentative  assignment  of  these 
transitions  to  the  c*n  -  a^A  system  can  be  made  on  the  basis  of  the  following 
argument:  Subtracting  the  separation  energy  from  the  transition  energy  we 
find  the  lower  state  levels  involved  in  transitions  g  and  h  to  lie 
22100  ±  600  cm'1  below  the  dissociation  limit.  If  this  limit  is  assumed  to  be 
0+(^S°)  +  H(2S)  the  lower  state  levels  involved  are  calculated  to  lie 
2.46  ±  0.07  eV  above  the  bottom  of  the  well  of  the  0H+  ground  state  (see 
Fig.  4).  The  OH  photoelectron  spectrum  obtained  by  Katsumata  and  Lloyd1® 
places  the  lowest  vibrational  level  in  the  a^A  state  at  2.19  eV.  The 
deperturbation  study  in  the  A-X  system  of  0D+  by  Merer  et  al.,12  when  combined 
with  the  photoelectron  results,  places  this  level  in  0H+  at  2.175  eV.  Thus 
rotational  levels  of  a^ACv-O)  with  J  ■  11  are  expected  to  lie  in  the  energy 
range  required  for  the  transitions  g  and  h.  The  c^n  state  in  0H+  has  never 
been  observed  experimentally,  however  the  calculations  of  Liu  and  Verhaegen7 
place  the  lowest  vibrational  level  in  this  state  ~  800  meV  above  the  lowest 
dissociation  limit.  The  group  III  transitions  are  thus  consistent  with  the 
expected  energies  for  transitions  in  the  cMI  «-  a*A  system  of  0H+.  However, 
the  two  transitions,  g  and  h,  do  not  provide  sufficient  information  to 
uniquely  assign  the  vibrational  and  rotational  quantum  numbers  involved. 


DISCUSSION 


The  assignment  of  the  transitions  in  groups  I  and  II  warrants  a  further 
analysis  of  the  bond  energy  of  OH*  and  a  discussion  of  the  dissociation 
mechanism  involved  in  the  observed  fragmentation  into  0+  +  H. 

Based  on  our  lower  state  assignment,  an  independent  value  of  the  bond 
energy  of  0H+  can  be  derived  from  the  current  observations  using  the  measured 

separation  energies.  In  order  to  do  so,  the  rotational  constants  for  the 
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ground  state  as  obtained  by  Merer  et  al.  have  to  be  used  to  extrapolate  from 

the  highest  previously  observed  rotational  levels  (at  9700  cm"*)  to  the  levels 

involved  here  (at  10700  and  12300  cm-1,  respectively).  A  value  of 

40384  ±  45  cm-1  is  obtained,  where  the  stated  error  limits  does  not  include  a 

small,  but  unknown  uncertainty  arising  from  the  extrapolation.  Using  this 

value  for  the  bond  energy  in  a  thermodynamic  cycle,  an  adiabatic  ionization 

potential  of  OH  of  104873  ±  60  cm”1  is  obtained,  the  additional  15  cm-1 

q 

uncertainty  arising  from  the  uncertatlnty  in  the  bond  energy  of  neutral  OH. 
The  direct  measurement  of  the  vertical  ionization  potential  by  Katsumata  and 
Lloyd1®  gave  a  value  of  104931  cm”1;  the  appearance  potential  measurement  of 
0H+  in  the  photoionization  of  H2O  provided  an  a  upper  limit ^  for  the 
ionization  potential  of  104811  ±  75  cm  *.  Our  value  is  consistent  with  both 
of  these  previous  values  for  the  OH  ionization  potential  and  thus  our  bond 
energy  value  represents  an  improvement  over  the  previous,  indirect  values  of 
Che  bond  energy  of  0H+.  The  combination  of  all  of  these  values,  assuming  an 
uncertainty  of  ±  80  cm-*  in  the  dissociation  energy  derived  from  the  work  of 
Katsumata  and  Lloyd,  yields  a  "best"  value  for  the  0H+  dissociation  energy  of 
104866  ±  20  cm-1. 
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The  potential  energy  curves  shown  in  Figure  1  and  4  suggest  that  the 
observed  quasibound  levels  are  trapped  behind  the  rotational  barrier  in  the 
state,  and  that  tunneling  through  the  barrier  may  be  a  plausible 
predissociation  mechanism.  The  potential  energy  curves  shown  in  Figure  1  were 

constructed  by  diagonalizing  the  asymptotic  rotationless  model  Hamiltonian  for 

+  15  3 

OH  ,  following  exactly  the  work  of  Gentry  and  Giese  and  Chambaud  et  al.  , 

including  the  known  polarizabilities  of  0  and  H,  quadrupole  moment  of  0,  and 

3 

spin-orbit  coupling  in  0,  and  assumed  charge-exchange  matrix  elements  between 
the  states  arising  from  0  +  H+  and  0+  +  H,  and  exponential  repulsion  in 

the  state.  Inclusion  of  off-diagonal  coriolis  couplings  is  straight¬ 

forward  in  the  atomic  basis. ^  This  allows  us  to  set  up  the  asymptotic 
spin-rotation  Hamiltonian  which  we  give  in  Tables  II  and  III,  and  to  calculate 
rotationally-adiabatic  potentional  energy  curves  for  both  e-  and  f-  parity 
levels.17  Such  calculations,  which  are  illustrated  in  Figure  6  for  J  -  18 

e-parity  levels,  show  rotational  barriers  of  60  and  120  meV  (above  0+  +  H)  for 
3  3 

1^2  (J»18)  and  n^d-21),  respectively.  These  barriers  are  sufficiently  high 
to  support  the  levels  observed  here.  By  integrating  / [V(R)-E]  we  calculated 

1 8 

semiclassical  lifetimes  against  barrier  penetration  and  found  that  in  the 
former  case  the  barrier  height  and  width  are  consistent  with  the  observed 
Unewidths  (Group  II  of  Table  I).  In  Group  I  however,  the  barrier  calculated 
for  3n1  is  found  to  be  too  high  for  tunneling  to  be  the  only  predissociation 
mechanism. 

Having  rationalized  the  existence  of  quasibound  levels  in  the  A^TT  state 

of  0H+,  we  next  seek  to  identify  the  mechanism  by  which  these  levels  can 

+  3 

dissociate  to  0  +  H.  Diabat ically ,  all  components  of  the  A  II  state  are 

derived  from  the  neutral  oxygen  dissociation  limit.  The  adiabatic  correla¬ 
tions  are  more  complicated.  Given  the  assumed  degeneracy  of  the  0(^P>)  +  H+ 


and  0+(<*S)  +  H  dissociation  limits,  and  including  all  interactions,  only  two 
definite  conclusions  can  be  reached:  the  Q  «  2  component  must  correlate  to 

*3  •*>  ■  / 

0(JP2>,  while  all  other  components  must  lead  to  either  OC^P^)  or  0  (4S).  Our 
observation  of  0+  fragments  from  excitation  of  both  the  and  ^  states 
confirms  the  importance  of  both  spin-orbit  and  rotational  coupling  between  the 
IT  and  E  states.  For  example,  the  %2  could  yield  0+  by  two  mechanisms:  (1) 
weak  spin-orbit  interaction  with  ^£  near  4  A  (which  we  have  not  included  in 
Table  II  because  there  is  no  first-order  matrix  element)  or  (2)  it  could  mix 
with  Jn1  by  rotational  coupling  near  4  A  and  mix  a  second  time  with  JE  by 
spin-orbit  and  charge-transfer.  Me  note  that  the  rotational  coupling  matrix 
element  between  the  two  states  (labeled  f  in  Table  II)  amounts  to  40  cm"^ 
at  4  A.  With  potential  energy  curves  that  are  only  qualitatively  reasonable, 
and  with  only  the  limited  experimental  data,  we  can  not  make  more  quantitative 
statements  at  this  time.  By  detecting  both  the  0+  and  H+  fragments  we  would 
be  able  to  establish  the  branching  between  the  four  possible  dissociation 
limits,  which  should  reveal  a  more  detailed  view  of  the  dynamics  of  predisso¬ 
ciation,  and  of  the  reverse  process,  charge  exchange. 
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CONCLUSION 


The  observation  of  predlssoclatlon  of  quasibound  levels  In  the  state 
now  opens  the  possibility  of  an  experimental  study  of  the  long-range  interac- 
tions  in  OH  ,  similar  to  our  previous  studies  ’  in  0£  and  N2  .  Our 
observation  of  fragmentation  into  the  0+  channel  is  direct  evidence  for  the 
action  of  nonadiabatic  couplings  between  the  ^TI  potential  and  the  states 

which  correlate  to  the  0+(^S°)  +  H^S  limit.  A  first  search  for  photofragments 
reaching  the  H++0(^P)  channel  has  been  unsuccessful,  due  to  the  low 
sensitivity  of  the  present  configuration  to  detect  a  light  photofragment  from 
a  heavy  diatomic.  We  are  currently  working  on  an  improved  detection  scheme  to 
study  the  branching  among  the  four  dissociation  channels. 
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TABLE  I.  Transitions  To  Discrete,  Predissociated  Levels 

Observed  in  0H+. 


Label 

hv 

(cm'1) 

W 

(aeV) 

r 

(MHz) 

Observed 

Intensity 

Calculated 

Intensity 

Assignmen 

Group 

_I 

A  *  X 

a 

28432.01 

40 

550 

1 

1 

R23(20) 

b 

28432.62 

40 

550 

15 

41 

Q22(21) 

c 

28437.40 

~  40 

~  550 

1 

1.1 

P21(22) 

Group 

II 

A  X 

d 

29948.16 

34 

4500 

1 

1 

Q12( 18) 

e 

29452.76 

34 

4500 

5 

9.9 

Pn(19) 

f 

not 

observed 

0.01 

R13(17) 

Group 

III 

c  «■  a 

g 

28454.39 

800 

225 

— 

— 

— 

h 

28432.01 

750 

<  550 

* 


tentative  assignment 


a(R) 


b(R) 


c(R) 

d(R) 


5.770 


0  -  atom  spherical  charge-induced  dipole0 


0  2  A 

-a!±-a-r  i„° 


4R  6R 
2  _ 


1.612  0.0336 


3 

R 


0  -  acoa  charge-quadrupole  plus  anlsocrop 
charge-induced  dipole0 


2R 


4.799 

R5 


69.3  exp  (-1.70R) 


H-acon  charge-induced  dipole0 
Charge -exchange0 


a(R) 

•  16382  exp  (-3.46R) 

Quintet  repulsion0 

g(R) 

-  2B(R)  /J(J+TT 

Off-diagonal 

rotational  coupling 

f(R) 

-  2B(R)  /J(J+l)-2 

B(R) 

_  fi2  2.204  x  10-3 

2  - 

Rotational  constant 

2pR  R 

P2 

-  -  19.62  x  10-3 

P1 

-  1.1  x  10-6 

Asyaptotlc  energies’1 
for  O  -f  H 

P0 

-  8.520  x  10-3 

S 

-  0 

Asyaptotlc  energy^  for  0+  +  R 

‘Energies  In  eV,  distances  la  A. 
°Reference  15. 
cReferenca  3. 
d Reference  4. 
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1.  Asymptotic  rotationless  potential  curves  for  0H+,  with  energies  expressed 
relative  to  0(^2)  +  H+. 

2.  Variation  in  0+  photofragment  intensity  from  the  photodissociation  of  0H+ 

3 

as  a  function  of  photon  energy.  Two  transitions  in  the  A  II 

3  _ 

(v“5)  ♦  XI  (v«2)  band  appear  in  this  portion  of  the  spectrum.  The 
laboratory  kinetic  energy  spectra  of  the  0+  photofragments  arising  from 
each  transition  are  shown  as  inserts.  The  underlying  background  in  the 
kinetic  energy  spectrum  of  the  R23  (20)  transition  is  due  to  the  near 
coincidence  at  this  photon  energy  of  a  c  n  *■  a  A  transition  labeled  h  in 
Table  1. 

3.  Schematic  of  spatial  distribution  of  H+  photofragments  produced  from 
parallel  and  perpendicular  transitions  in  0H+. 

4.  Low-lying  electronic  states  of  0H+  from  references  3  and  7.  The  three 
groups  of  observed  transitions  listed  in  Table  I  are  indicated  by  I,  II, 
and  III  in  this  figure. 

5.  Energy  level  diagram  of  rotationa.  transitions  observed  in  Groups  I  and 
II. 
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Asymptotic,  rotationally-adiabatic  OH  potential  energy  curves  for  parity 
“e“  levels  with  J  -  18.  The  solid  curves  are  eigenvalues  of  the 
spin-rotation  Hamiltonian  in  Table  II.  The  curves,  given  by  the 
dashed  lines,  were  calculated  separately  because  they  are  not  mixed  with 
other  levels  by  this  Hamiltonian.  The  solid  and  dashed  horizontal  line 
segments  give  the  energetic  location  of  v  -  6  in  the  bound  and  barrier 
regions,  respectively,  of  the  A^IIj  substate.  All  energies  are  referenced 
to  the  0+(**S)  +  H  separated  atom  limit. 
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ABSTRACT 

The  SO+  ion,  produced  by  dissociative  electron- impact  ionization  of  S02» 
is  observed  to  photodissociate  into  S+  +  0  over  the  wavelength  range  of 
6900  -  5750  A  in  a  series  of  structured  bands.  The  bands  are  assigned  to  the 

b4E"(v  -  7-12)  «■  a^IKv  -  1  -  8) 

absorption  with  subsequent  predissociation  of  the  b  state  levels.  The 
predissociation  lifetime  of  the  v  ■  7  level  of  the  b  state  is  found  to  lie  in 
the  range  5  <  t  <  26  ps.  The  predissociation  process  is  attributed  to 
spin-orbit  coupling  to  the  14E+  state.  The  observed  b  «-  a  band  locations  and 
photofragment  kinetic  energy  releases  are  combined  with  existing  photoelectron 
and  emission  spectroscopy  data  to  yield  improved  molecular  constants  for  the  a 


and  b  states 


I.  INTRODUCTION 


The  SO+  ion,  which  Is  isosteric  with  O2*,  but  lacks  the  g-u  symmetry 
restrictions  on  its  electronic  states,  had  not  been  observed  spectroscopically 
until  recently.  The  photoelectron  spectrum^  of  the  SO  radical  has  been 
measured,  but  numerous  features  due  to  impurity  species  obscured  the  origins 
of  the  lowest  quartet  state  a^n  and  the  first  excited  doublet  state  A^II. 

Tsuji,  Nishimura,  and  coworkers^  have  made  an  extensive  series  of  low  reso¬ 
lution  observations  on  the  fluorescence  from  a  He/S02  afterglow  and  identified 
the  bands  A^II  (v»0-ll)  +  X^II  (v«0-10).  This  established  the  origin  of  the  A 
state  relative  to  that  of  the  X.  Their  work  has  just  been  extended  to  longer 
wavelengths  and  higher  resolution  by  Cossart,  Lavendy,  and  Robbe  ,  who 
reported  the  first  observation  of  emission  from  SO*  quartet  states.  They 
observed  and  rotatlonally  analysed  the  b4£“(v-0-2)  ♦  a4II(v«0)  progression, 
thus  establishing  the  relative  energies  of  the  a  and  b  states.  They  also  give 
the  theoretical  and  experimental  potential  energy  curves  for  the  lower  elec¬ 
tronic  states  of  the  SO*  ion. 

We  observe  the  pbotodlssoclation  of  SO*  into  S*  +  0  over  the  wavelength 
region  of  6900  -  5750  A.  The  spectra  are  highly  structured  at  moderate 
resolution  and  have  the  rotational  structure  of  a  4£  -  ^II  transition.  From 
the  origin  of  the  b  -  a  system  established  by  photoelectron  and  emission  spectro¬ 
scopy,  we  can  identify  the  observed  bands  as  b4r"(v-7-l2)  *  a*TI(v»l-8).  The 
kinetic  energies  measured  for  the  photofragments  and  the  spacing  of  the  bands 
yield  an  absolute  measurement  of  the  dissociation  energies  for  the  b  and  a 
states  and  vibrational  constants  which  are  valid  over  an  extensive  range  of 
the  potentials.  It  is  especially  notable  that  the  vibrational  constants  for 
the  a  4n  state  obtained  from  our  work  differ  greatly  from  those  reported  by 


Cossart  et  al.,  due  to  their  apparent  misasslgnment  of  the  weak  (v',v")  ■  (2,2) 


band*  When  we  reassign  chis  band  as  the  (1,1),  the  data  from  Cossart  et  al • 
photoelectron  spectroscopy,  and  photofragment  spectroscopy  are  accurately 
described  by  a  single  set  of  vibrational  constants.  This  demonstrates  the 
unique  advantage  of  photofragment  spectroscopy  to  identify  unambiguously  the 
upper  state  in  a  transition  on  the  basis  of  its  photofragment  kinetic  energy 


II.  EXPERIMENTAL 


The  laser-ion  coaxial  beams  photof ragment  spectrometer  used  in  the 
experiment  haa  been  described  in  detail  previously.^  The  SO*  ions  were  formed 
by  electron  impact  (~  100  eV)  dissociative  ionization  of  SO2  gas,  accelerated 
to  3000  eV,  mass  selected,  and  collimated.  The  ion  bean  was  then  merged 
coaxially  using  an  electrostatic  quadrupole  with  a  cw  laser  beam  over  a  length 
of  approximately  60  cm.  The  fragment  ions  produced  in  the  interaction  region 
are  separated  from  the  SO*  ion  beam  by  a  second  electrostatic  quadrupole, 
energy  selected  by  a  hemispherical  electrostatic  energy  analyser,  and  detected 
on  an  electron  multiplier. 

For  most  of  the  work  reported  here,  the  laser  beam  was  the  intracavity 
beam  of  a  cw  dye  laser  with  a  resolution  of  approximately  2  cm'1.  The  laser 
power,  which  varied  between  10  to  SO  watts  over  the  spectral  range  of  6900  - 
5750  A,  was  monitored  by  a  calibrated  photodiode  observing  the  light  reflected 
from  the  dye  jet.  Since  the  SO*  ion  beam  passed  colinearly  through  the 
circulating  laser  cavity,  the  ions  encountered  the  opposite  Doppler  shifts  of 
the  copropagating  and  eounterpropagating  electromagnetic  waves.  Consequently, 
each  absorption  line  appears  as  a  doublet  in  the  photofragment  spectra  with  a 
separation  that  varies  from  10.7  cm-1  at  6900  A  to  12.8  cm-1  at  5750  A. 

The  extracavity  beam  of  a  cw  ring  dye  laser  was  used  to  investigate  two 
of  the  SO*  bands  at  high  resolution.  Operating  single  mode,  the  laser  had  a 
power  of  approximately  800  mW  ,  a  lindwidth  of  approximately  10  MHz,  and  a 
continuous  scanning  range  of  0.4  cm-1.  The  effective  spectral  resolution  of 
this  system,  considering  the  velocity  spread  of  the  ion  beam,  was  better  than 
0.007  cm"1. 

Typical  SO*  ion  beam  currents  of  3  x  I0"9  A  yielded  S*  photofragment 
count  rates  of  6000  s"1  for  the  strong  peaks  in  the  spectra  using  the  intra- 
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cavity  dye  laser.  For  comparison,  the  collision-induced  dissociation  due  to 
the  residual  pressure  of  5  x  lO-9  Torr  in  the  interaction  region  yielded  an  S 
count  rate  of  <  50  s  Production  of  S"^  fragments  from  spontaneous 


III.  RESULTS  AND  DISCUSSION 

A.  Observed  Spectra 

The  yield  of  S+  photofragments  that  are  produced  with  center  of  mass  (CM) 
kinetic  energies  (W)  in  the  range  of  approximately  0-15  meV  as  a  function  of 
laser  wavelength  is  shown  in  Fig.  1.  Three  strong  bands  appear  in  this  wave¬ 
length  region  together  with  several  weaker  features.  When  this  wavelength 
region  is  scanned  with  the  energy  analyser  collecting  photofragments  produced 
with  progressively  higher  kinetic  energies  (<  80  meV),  all  three  of  the  strong 
bands  decrease  in  intensity,  most  rapidly  at  their  heads.  The  uniform 
variation  in  band  intensity  shows  that  each  of  the  strong  bands  observed  in 
Fig.  1  accesses  the  same  upper  state  vibrational  level.  Consequently,  the 
spacing  of  these  bands  represents  the  vibrational  spacing  in  the  lower 
electronic  state  (i.e.  a  v*  progression). 

PredlS80ciatlon  from  higher  v'  levels  could  be  observed  as  the  energy 
analyser  was  adjusted  to  collect  S+  fragments  with  still  higher  CM  kinetic 
energies.  An  example  of  this  is  shown  in  Fig.  2  which  presents  a  series  of 
dye  laser  scans  over  a  portion  of  the  wavelength  region  with  the  energy 
analyser  set  for  maximum  transmission  at  W  -  0,  14,  28,  94,  and  200  meV.  It 
can  be  seen  that  as  higher  energy  fragments  are  collected,  the  red  bandhead 
decreases  in  intensity  until  a  new  bandhead  appears  in  the  W  ■  94  meV  spectrum 
shifted  to  the  blue  by  50  cm”1.  Yet  another  blue-shifted  bandhead  appears 
in  the  W  *  200  meV  spectrum. 

The  decrease  in  the  bandhead  intensity  as  the  energy  analyser  trans¬ 
mission  is  moved  from  W  -  0  to  higher  values  reflects  the  fact  that  progres¬ 
sively  higher  rotational  levels  in  the  lowest  predissociating  vibrational 
level  are  probed  at  the  higher  energies.  The  appearance  of  additional 
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bandheads  la  Che  W  »  95  and  200  meV  speccra  arises  from  Che  energy  analyser 
passing  fragmencs  from  Che  predlssociadon  of  Che  lower  rocacional  levels  In 
Che  nexc  Cwo  higher  vibracional  levels  of  Che  upper  eleccronic  sCaCe.  In 
general,  v'  progressions  are  observed  every  0.1  eV  lncremenc  in  W  up  to  W  > 

1.2  eV.  However,  aC  Che  higher  W  values,  Che  bandheads  become  increasingly 
less  distinct.  This  arises  because  Che  CM  energy  resoludon  of  Che  analyser 
decreases  with  W.  Above  W  ~  0.5  eV,  1C  can  no  longer  distinguish  between  low 
J  transitions  of  one  vibracional  level  and  high  J  transitions  of  the  next 
lower  v*. 

More  precise  values  of  Che  kinetic  energy  releases  in  each  band  are 
obtained  by  scanning  che  energy  analyzer  at  fixed  values  of  Che  laser 
wavelength.  Kinetic  energy  speccra  of  lines  in  che  lowest  predissociated 
vibracional  level  show  a  minimum  kinetic  energy  release  of  2  ±  0.5  meV,  while 
the  next  higher  v'  yields  a  value  of  Wmin-  101  ±  10  meV.  Thus,  the  origin  of 
the  lowest  v'  must  lie  at  an  energy  <  0.0025  eV  above  an  S+  +  0  dissociation 
limit,  where  the  inequality  sign  is  used  because  we  cannot  be  certain  the  very 
lowest  rotational  levels  of  this  v'  are  predissociated.  Secondly,  the  kinetic 
energy  spectra  indicate  chat  the  lowest  several  predissociated  vibrational 
levels  of  che  upper  eleccronic  state  are  spaced  by  100  ±  10  meV  -  806  ±  80 
cm~*  and  that  predissociation  in  Che  upper  state  extends  at  least  as  high  as 
994  meV  above  the  S+  +  0  separated  atom  limit. 

B.  Assignment  of  Bands 

The  incense  bands  in  che  SO*  photof ragmenc  spectrum  bear  a  strong 
resemblence  to  the  b4Z“  +  a^n  emission  bands  observed  by  Cossart  et  al.^  The 
potential  energy  curves  of  these  states  are  shown  in  Fig.  3.  The  photo- 
fragment  bands  also  resemble  che  bands  in  the  analagous  b^E  “  -  a^TTu  system  of 


0 2  wtiich  has  been  observed  by  both  emission^  and  photof ragment^ 
spectroscopies.  The  a^II  state  is  expected  to  be  metastable  and,  therefore, 
may  be  significantly  populated  in  the  S0+  ion  beam  at  the  time  of  laser 
irradiation. 

As  a  check  on  the  consistency  of  assigning  the  photofragment  bands  to  the 
a^II  +  b^E  absorption,  we  can  compare  the  observed  transition  energies, 
intensities,  and  kinetic  energy  releases  with  existing  data.  The  photo¬ 
electron  spectrum  of  Dyke  et  al.*  places  the  v  *  0  level  of  the  b^E-  state  at 

14.94  ±  0.05  eV  relative  to  SO  X^£-(v«0).  From  the  accepted  dissociation 

7  0  8 

energy  of  the  SO  X  state  ,  Dq  ■  5.359  eV,  and  the  ionization  potential  of 

S(  P2).  the  lowest  dissociation  limit  of  SO  is  expected  at  15.719  eV,  hence 
0.780  eV  above  b^E-(v-0)  (see  Fig.  3).  The  spacings  of  the  v  =  0-2  levels  of 
the  b  state  are  known  accurately  from  the  emission  data  and  approximate 
absolute  locations  for  v  -  0-4  are  given  by  the  photoelectron  spectrum.  Since 
these  levels  extend  only  0.47  eV  above  v  -  0,  we  must  extrapolate  the  levels 
for  the  b  state  into  the  region  of  observation.  A  weighted  least-squares  fit 
to  the  photoelectron  and  emission  data  yields  Tfi  ■  120004.6(9.1)  era-*,  u>e  » 
972.2(1.4)  cm-*,  and  uexe  ■  6.57(0.46)  cm  *,  where  the  numbers  in  parenthesis 
give  one  standard  deviation  uncertainty  of  the  constants.  These  constants 
predict  v  ■  7  of  the  b  state  to  lie  at  15.7370  ±  0.06  eV,  i.e.  18  aeV  above 
the  lowest  S+  +  0  separated  atom  limit.  To  the  degree  that  the  locations  of 
these  higher  levels  can  be  extrapolated  from  the  known  lower  levels,  which  we 
will  later  show  is  quite  adequate,  the  v  -  6  and  v  *  8  levels  are  predicted  to 
lie  too  far  (-91  meV  and  +126  meV,  respectively)  from  the  measured  photo¬ 
fragment  energy  of  <  2  meV  to  be  considered  as  candidates.  Consequently,  we 

A,  A  • 

identify  the  first  predissociated  level  of  the  SO  b  E  state  as  v  -  7. 


•l|he  origin  of  the  a^n  state  is  partially  obscured  in  the  photoelectron 
spectrum  by  features  associated  with  0  and  SO2  impurities.  However,  the 
emission  bands  of  Cossart  et  al.  fix  the  energy  of  the  v  =  0  level  of  this 
state  with  respect  to  that  of  the  clearly  defined  b^E-  state.  Consequently, 
an  absolute  vibrational  numbering  can  be  assigned  to  the  a^IT  features  in  the 
photoelectron  spectrum.  A  weighted  least-squares  fit  to  the  photoelectron 
data  yields  the  vibrational  constants:  Tg  =  108533.9(48.4)  cm-*,  we  = 
799.8(21.6)  cm-^,  and  wgxe  -  5. 0(2. 2)  cm-*'.  These  constants  for  the  a  state 
yield  the  absolute  lower  state  quantum  numbers  of  the  observed  photof ragment 
bands  as  shown  in  Table  I  and  in  Fig.  3. 

C.  Molecular  Constants 

The  spacing  of  the  observed  bands  and  their  measured  photof ragment 

kinetic  energies  are  fully  consistent  with  the  vibrational  constants  of  the 

4  4  -  1 

a  .4  and  b  Z  states  derived  from  the  photoelectron  spectrum  of  SO.  However, 

the  constants  can  be  greatly  improved  by  also  incorporating  the  emission  data 
and  the  photof ragment  data  in  a  weighted  least-squares  fit.  In  the  fit,  the 
photoelectron  spectra  provide  absolute  locations  for  the  first  five 
vibrational  levels  with  an  estimated  precision  of  70  cm-1,  the  emission  data 
provide  the  relative  energy  differences  among  the  first  three  vibrational 
levels  with  an  estimated  accuracy  of  2  cm-1,  and  the  photof ragment  data  pro¬ 
vide  relative  energy  differences  between  v  »  7-d,  7-9,  and  11-12  with  an 
estimated  accuracy  of  10  cm  *.  The  photofragment  data  further  provide  a 
measure  of  the  absolute  energy  oi  v  •  1  (and  a  limit  on  the  energy  of  v  -  7) 
when  the  measured  kinetic  energy  releases  >f  tne  phot neats  are  combined 


with  the  kn< 

dissociation  energy7  of 

SO 

and  tne  i o'  1  1 

1  potential0 

of 

S.  The  mer 

-onstants  obtained  for 

Che 

b  state  ire  41  -en 

in  Table  II 

and 

are  valid  for  the  v  *  0  -  12  vibrational  levels  of  this  state.  Higher 
constants  in  the  vibrational  expansion  were  found  to  be  not  significant.  The 
Te  value  obtained  from  the  absolute  photoelectron  energies  and  that  from  the 
photofragment  kinetic  energy  releases  differed  by  only  51  cm  *  (0.006  eV). 
Since  this  difference  is  well  within  the  uncertainties  of  both  sets  of 
measurements,  it  confirms  the  currently  accepted  value^  of  the  SO  dissociation 
energy. 

A  similar  merge  of  the  three  sets  of  data  was  not  possible  for  the  a^ 
state.  The  v  ■  0  to  v  =  2  spacing  derived  from  the  emission  data  of  Cossart 
et  al.  was  found  to  be  grossly  inconsistant  (150  cm  )  with  that  expected 
from  the  photofragment  and  photoelectron  data.  In  addition  to  the  three 
strong  members  of  the  (v',0)  progression,  Cossart  et  al.  also  observed  a 
fourth,  substantially  weaker  band,  which  they  were  unable  to  rotationally 
analyse.  They  considered  that  it  could  be  either  the  (1,1)  or  the  (2,2)  band, 
but  chose  to  assign  it  as  the  (2,2)  because  it  was  calculated  from  Morse 
wavefunctions  to  have  a  60%  larger  Franck-Condon  factor  and  would  yield  an  we 
for  the  a  state  more  in  agreement  with  that  computed  from  their  ab  initio 
potential  energy  curve.  If  we  reassign  the  band  as  the  (1,1),  the  emission 
data  merges  nicely  with  the  photofragment  and  photoelectron  data  to  yield  the 
vibrational  constants  given  in  Table  II.  We  further  find  that  the  Morse 
wavefunction  Franck-Condon  factors  generated  from  the  constants  in  Table  II 
are  nearly  equal  for  the  (1,1)  and  (2,2)  bands  (0.124  versus  0.147). 

The  disagreement  among  the  data  that  arises  when  the  (2,2)  band  assign¬ 
ment  is  retained  is  far  more  serious  than  would  occur  if  only  the  measurement 
of  vibrational  spacings  were  involved.  The  photoelectron  spectrum  yields  an 
absolute  measure  of  the  energies  of  v  *  0,  1,  2,  3,  and  4  of  the  b  state 
relative  to  SO  X(v»*0).  The  rotationally  analysed  bands  of  Cossart  et  al.  fix 
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Che  energy  of  a4n  (v=0)  to  this  same  reference.  However,  the  observed 
locations  of  the  clearly  resolved  peaks  (correctly)  identified  in  the 
photoelectron  spectrum  as  v  =  2,3,4,  and  6  of  the  a  state  are  in  serious 
disagreement  with  level  locations  predicted  from  the  vibrational  constants  of 
Cossart  et  al.,  but  are  in  full  agreement  with  the  level  locations  predicted 
from  the  constants  given  in  Table  II.  Consequently,  we  believe  that  the 
available  evidence  strongly  supports  reassigning  the  weak  band  observed  by 
Cossart  et  al.  in  the  emission  spectrum  as  the  (1,1)  band. 

The  constants  for  the  a  state  in  Table  II  are  valid  up  to  v  =  11  in  this 
state,  however  it  should  be  cautioned  that  the  only  information  for  v  >  4  is 
from  the  photoelectron  spectrum.  Due  to  the  spin-orbit  splitting  in  the  a 
state  and  the  lack  of  a  rotational  assignment  in  the  photofragment  spectra, 
the  photof ragmenc  kinetic  energy  measurements  do  not  directly  establish  the 
absolute  energy  scale  in  the  a  state.  However,  the  precise  measurement  of  the 
energy  difference  between  the  b  and  a  states  in  Cossart  et  al.'s  spectrum 
propagates  the  accuracy  of  the  b  state  energies  into  those  of  the  a  state, 
thereby  yielding  a  comparable  accuracy  for  the  energy  of  this  state. 


D.  Vibrational  Population  in  a4n  State 

Band  intensities  for  photofragments  produced  with  different  values  of  W 
are  difficult  to  measure  accurately  due  to  variations  in  the  collection 
efficiency  of  the  apparatus  arising  from  the  angular  distribution  of  the 
photofragments.  However,  within  a  single  v'  progression,  all  of  the  photo¬ 
fragments  are  produced  with  the  same  values  of  W.  Hence,  the  relative 
intensities  of  the  bands  within  a  progression  should  depend  only  on  the 
relative  populations  of  the  absorbing  lower  state  levels  and  the  transition 
probability.  Table  III  lists  the  observed  intensities  for  the  (7,v,f) 


progression  together  with  the  appropriate  Franck-Condon  factors  obtained  from 
Morse  wavefunctions  and  the  molecular  constants  of  the  b  and  a  states  listed 
in  Table  II.  In  the  fourth  column  of  Table  III,  we  have  listed  the  ratios  of 
the  observed  intensities  to  the  calculated  Franck-Condon  factors.  These 
ratios  should  be  proportional  to  the  relative  populations  of  the  a^H 
vibrational  levels  at  the  time  they  interact  with  the  dye  laser,  approximately 
20  ps  after  their  formation  by  dissociative  ionization  of  SO^.  For 
comparison,  the  relative  populations  expected  for  these  levels  of  the  a  state 
when  produced  by  direct  ionization  of  SO  are  listed  in  the  fifth  column.  It 
can  be  seen  that,  in  contrast  to  direct  ionization,  dissociative  ionization  of 
SO2  preferentially  populates  the  S0+  a  state  in  its  lower  vibrational  levels. 

E.  Predissociation  Mechanism 

It  is  clear  from  the  photofragment  wavelength  spectra  that  levels  v  »  7, 
8,  9,  11,  and  12  of  the  b^E-  state  are  efficiently  predissociated.  In 
addition,  levels  v  -  10  and  13  are  observed  to  predissociate  in  the  photo¬ 
fragment  kinetic  energy  spectra.  The  kinetic  energy  spectra  further  reveal 
that  predissociation  extends  at  least  to  levels  994  meV  above  the  S+  +  0 
separated  atom  limit,  although  the  data  here  are  not  sufficient  to  reliably 
Identify  the  vibrational  levels.  Predissociation  of  the  analogous  b*E  ”  state 

O 

+  9 

in  (>2  has  been  studied  in  considerable  detail  by  both  experiment  and 

theory.*®  There  it  was  found  that  the  first  two  vibrational  levels  of  the  b 

state  above  the  0+(^S°)  +  0(^P)  separated  atom  limit  (v  -  4,5)  are 

predissociated  predominantly  by  the  d‘+Eg+  state,  whereas  the  f^flg  plays  an 

Increasingly  important  role  in  the  predissociation  of  higher  vibrational 

levels.  The  case  of  b  state  predissociation  in  S0+  is  expected  to  be  somewhat 

simpler,  because  the  lack  of  homonuclear  symmetry  allows  only  a  single  ^TI 
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state, (  the  a^II,  to  arise  from  the  S+(^S°)  +  0(2P)  separated  atom  limit. 

Consequently,  the  ^Z+  state  is  the  likely  candidate  for  causing  the  observed 

*1 

predissociation.  Cossart  et  al.  have  computed  the  ab  initio  potential  energy 
curves  of  the  lower  quartet  and  doublet  states  in  S0+.  They  find  that,  as  in 
(>2+,  the  repulsive  wall  of  the  ^Z+  state  passes  through  the  potential  well  of 
the  b  state,  as  required  for  an  efficient  predissociation  process.  Their 
calcuated  potential  energy  curve  for  this  state  is  shown  by  the  dashed  curve 
in  Figure  3. 

Spin-orbit  coupling  of  the  ^Z+  to  the  b^Z-  is  expected  to  produce  a 
characteristic  pattern**  of  predissociation  lifetimes  among  the  rotational  and 
fine- structure  levels  of  the  b  state.  We  investigated  the  (7,2)  and  (7,3) 
bands  using  a  single-mode  dye  laser  with  the  objective  of  measuring  the  line- 
widths  of  single  rotational  transtions  and,  thereby,  the  lifetime  of  the 
v  »  7  level.  Approximately  10  cm  *  were  investigated  within  each  of  these 
bands  by  continuously  scanning  the  dye  laser  over  regions  of  approximately  0.4 
cm-*.  No  resolvable  structure  could  be  discerned  in  either  of  the  bands. 

This  apparent  lack  of  structure  at  high  resolution  can  be  combined  with  the 
observation  of  rotational  structure  (containing  unresolved  fine  structure)  in 
the  lower  (1  cm-*)  resolution  spectra  to  place  approximate  limits  on  the 
predissociation  lifetime  of  the  v  ■  7  level  in  the  b  state  of  between  2.6  x 
10-11  and  5.0  x  10-12  s. 

Since  rapid  predissociation  precludes  obtaining  lifetime  measurements  for 
individual  rotational  levels  in  v  ■  7  of  the  b  state,  a  definitive  identifi¬ 
cation  of  the  predissociating  state  is  not  possible  for  this  level.  We  note, 
however,  that  the  magnitude  of  the  predissociation  lifetime  inferred  here  for 
v  »  7  is  very  comparable  to  that  measured  for  the  d  state  contribution  to  the 
predissociation  lifetime^  of  v  -  7  in  the  b  state  of  C>2+.  This,  coupled  with 


the  strong  similarities  between  the  electronic  states  of  and  S0+,  makes  it 
highly  likely  that  the  dominant  contribution  to  predissociation  of  the  S0+ 
b  £  state  near  the  lowest  separated  atom  limit  is  from  the  £  arising  from 
this  limit. 

The  short  predissociation  lifetime  of  the  b  state  introduces  an 
additional  complication  in  that  it  is  not  possible  to  obtain  photofragment 
kinetic  energy  spectra  for  predissociation  of  a  discrete  rotational  level, 
which  limits  the  obtainable  resolution  in  the  kinetic  energy  spectra.  The 
lowest  separated  atom  limit  S+(^S°)  +  0(^P)  is  in  fact  three  separated  atom 
limits  due  to  the  fine-structure  splitting  of  the  Q(  P)  atom.  The  energy 
splittings  of  -  ^2  and  ^Pq  -  ^2  are  158  and  227  cm-*,  respectively, 
which  are  easily  resolvable  in  the  kinetic  energy  spectra  of  discrete 
rotational  levels,  but  which  might  not  be  detected  when  the  phocof ragments 
are  produced  from  a  distribution  of  rotational  levels  in  the  final  state.  The 
state  adiabatically  correlates  to  the  ^?2  limit,  so  in  the  absence  of 
significant  long-range  coupling  of  this  state  to  other  electronic  states 
correlating  to  the  higher  energy  fine-structure  levels,  predissociation  to 
0(^2)  can  be  expected.  This  indeed  is  found to  occur  in  the 
predissociation  of  the  0 2+  b  state  and  we  assume  here  that  a  similar  process 
occurs  in  the  S0+  ion. 


IV.  SUMMARY 


We  have  found  that  the  SO*  ion  produced  from  dissociative  ionization  of 
S(>2  undergoes  photodissociation  into  S+  +  0  over  the  wavelength  region  of  6900 
-  5750  A.  The  predissociations  occur  from  v  *  7  -  13  of  the  b^E-  state. 

Higher  vibrational  levels  extending  to  >15000  cm~*  above  the  origin  of  the  b 
state  also  appear  to  predissociate.  The  predissociation  lifetime  of  b^E~(v=7) 
is  found  to  be  in  the  range  5  <  t  <  26  ps,  and  is  likely  due  to  decay  by 
spin-orbit  coupling  with  the  ^E+  state  arising  from  the  S+(<!tS0)  +  0(3P) 
separated  atom  limit. 

Electronic  absorptions  into  the  b  state  are  observed  from  v  *  1  -  12  of 
the  a^  state.  The  population  distribution  of  the  S0+  appears  to  be  nearly 
uniform  among  the  lower  vibrational  levels  of  this  state.  The  short  predis¬ 
sociation  lifetime  of  the  b  state  prevents  resolution  of  the  complex 
rotational  structure  of  the  b  -  a  absorptions.  However,  the  low  resolution 
spectra  of  the  band  envelopes  and  kinetic  energy  releases  measured  for  the 
photofragments  are  combined  with  existing  data  from  photoelectron  spectra  and 
high  resolution  emission  spectra  to  yield  improved  vibrational  constants  for 
the  b4E-  state  and  revised  constants  for  the  a^n  state. 
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TABLE  I.  Observed  b^E-(v')  «-  a^!T(v")  Bands 
(v*,  v")  Band  Center  (cm 


(7,1) 

_a) 

(7,2) 

16356 

(7,3) 

15584 

(7,4) 

14823 

(8,2) 

17169 

(8,3) 

16395 

(9,4) 

16432 

(11,7) 

15742 

(12,8) 

15777 

)  Weak  band  partially  obscured  by  another  feature 


FIGURE  CAPTIONS 


Figure  1. 


Figure  2. 


Figure  3 


Variation  in  S+  photofragment  current  as  a  function  of  the  photon 
energy  of  the  intracavity  dye  laser.  Only  S+  photofragments 
produced  with  center  of  mass  separation  energies  in  the  range  W  - 
0-15  meV  are  monitored  here.  The  four  bands  labeled  A  -  0  are 
identified  as  the  (v'.v")  -  (7,1),  (7,2),  (7,3),  and  (7,4)  bands 
of  the  SO+  b^Z_(v')  ♦  a^IKv'1)  system. 

Variation  in  S+  photofragment  current  as  a  function  of  intracavity 
laser  photon  energy.  The  energy  analyser  was  adjusted  to  pass 
photofragments  with  a  range  of  separation  energies  (W)  centered 
about  the  value  given  in  meV  for  each  spectrum.  The  W  ■  0  meV 
spectrum  corresponds  to  band  B  in  Fig.  1.  It  i3  identified  as  the 
(v'.v")  ■  (7,2)  band  of  the  S0+  b^E~(v')  «-  a^rKv'1)  system.  The 
(8,3)  and  (9,4)  bands  of  this  system  appear  in  the  W  »  96  meV  and 
W  ■  200  meV  spectra. 

Lowest  energy  quartet  states  of  S0+.  The  potential  energy  curves 
of  the  a^II  and  b^E~  states  and  their  vibrational  level  energies 
are  generated  from  the  Morse  potential  function  using  the 
constants  listed  in  Table  II.  Solid  horizontal  lines  denote 
vibrational  levels  observed  either  by  emission  (Ref.  3)  or 
photofragment  spectroscopy  (present  work).  Levels  denoted  by 
dashed  lines  have  been  observed  only  by  photoelectron  spectroscopy 
(Ref.  1)  and  dotted  lines  represent  the  unobserved  vibrational 
levels  in  these  states.  The  dashed  curve  is  the  theoretical 
potential  energy  curve  of  the  14Z+  state  given  in  Ref.  3.  The 
solid  vertical  lines  represent  the  absorption  bands  observed  in 
the  present  work. 
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